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Polycrystalline U(Ni,_,Cu, ),Ge, solid solutions, investigated by ac-susceptibility measurements and
neutron diffraction, exhibit the ThCr,Si,-type crystallographic structure and magnetic ordering of the
uranium sublattice, with moments along the tetragonal axis: antiferromagnetic type-I (AF-I)
[k=(0,0,1)] for x =0, 0.25, and 0.50; ferromagnetic below T, becoming at T, ( < T¢): AF-I, ferrimag-
netic [k=(0,0,2/3)], and AF-IA [k=(0,0,1/2)] for x=0.75, 0.90, and 0.95, respectively; and fer-

romagnetic for x =1.

The magnetic phase diagram (temperature versus composition) of the

U(Ni; -, Cu, ),Ge, system is proposed, and is discussed in relation to the variation in the number of con-
duction electrons (via Ruderman-Kittel-Kasuya-Yosida-type interactions).

I. INTRODUCTION

We have lately been engaged in the study of the mag-
netic ordering in UM,Ge, compounds and
U(M,M'),Ge, solid solutions (M,M’'=Co,Ni,Cu) by
neutron diffraction, supported by ac-susceptibility mea-
surements.! "* We have already studied the compound
UCo,Ge,,""? the system U(Co,Cu),Ge,,’ and the solid
solutions UNiCuGe, and UCoNiGe,.* All materials in-
vestigated (UCoNiGe, excepted®) show the common
tetragonal crystallographic structure of the ThCr,Si,
type, with space group I4/mmm (D}]) and two formula
units per unit cell.

UNi,Ge,, studied by neutron diffraction, was reported’
to order below T, =80 K in the antiferromagnetic type-I
structure (AF-I) with a wave vector k=(0,0,1) and mag-
netic moments along the tetragonal axis. Magnetization,
electrical resistivity, and dc-susceptibility studies®
confirmed recently the antiferromagnetic ordering of
UNi,Ge,, but with T),=77 K. Three sets of lattice pa-
rameters a and ¢ were published®~® for this compound,
which are within 0.2% of each other (or of ours).

UCu,Ge,, studied by neutron diffraction, was report-
ed>? to order ferromagnetically below T =100 K, trans-
forming at Ty =25-40 K into an antiferromagnetic phase
(AF-IA) with a wave vector k=(0,0,0.5) and magnetic
moments along the tetragonal axis. The transition at T,
was observed once more in high-field magnetization,!°
but not in zero-field electrical resistivity measurements.°
The ferromagnetic transition was observed at 7. =107 K
in our ac-susceptibility and neutron-diffraction study.3
However, the transition at T, requiring the appearance
of superlattice lines, was not observed in our zero-field
neutron-diffraction study.> Four sets of lattice parame-
ters @ and ¢ were published®® for this compound, which
are within 0.4% of each other (or of ours).

UNiCuGe,, studied by us using neutron diffraction,*
was found to order antiferromagnetically below T =140
K with the AF-I structure.

We extend here our previous studies of UCu,Ge, (Ref.

0163-1829/93/48(5)/3183(7)/$06.00 48

3) and UNiCuGe, (Ref. 4) to the U(Ni,_,Cu,),Ge, sys-
tem of solid solutions, formed between the compounds
UNi,Ge, and UCu,Ge,. Adding the results on UNi,Ge,
and the solid solutions with x =0.25, 0.75, and 0.90, a
preliminary  magnetic  phase diagram of the
U(Nj,;_,Cu,),Ge, system was presented at the ICM 91
conference.!! We have since studied an additional solid
solution in this system, namely, U(Ni, osCug ¢5),Ge,, and
present here a more complete version of the magnetic
phase diagram. An extended report on the
U(Ni, _,Cu,),Ge, system, including detailed experimen-
tal results, is published elsewhere.!?

II. EXPERIMENTAL DETAILS

Polycrystalline samples of the U(Ni,;_,Cu,),Ge, solid
solutions with x =0, 0.25, 0.50, 0.75, 0.90, 0.95, and 1
were prepared by arc melting of stoichiometric amounts
of the constituents in an argon atmosphere. The obtained
buttons were annealed at 750°C in vacuum for 120 h.
Following the annealing, the buttons were crushed into
fine powders and examined by x-ray diffraction at room
temperature (295 K) to determine the crystallographic
structure and lattice parameters at this temperature.

ac-susceptibility measurements, in the 80-295-K tem-
perature range, were done on polycrystalline samples
(weighing 280-766 mg; see Table II) of all
U(Ni; _, Cu,),Ge, solid solutions prepared. The ac mag-
netic field was rather weak ( <10 Oe). Calibration of the
ac-susceptibility values was done with a 300-mg polycrys-
talline sample of Gd,0; for which the x,, value at 293 K
is 51X 1073 emu/mol (with ®= —15 K and p.5=7.9up).
These measurements determined the temperatures and
types of the magnetic transitions in near-zero magnetic
fields, as well as the paramagnetic properties of these ma-
terials. .

Neutron- (A=2.4 A) diffraction measurements were
done with the KANDI-III and US1 diffractometers at
the IRR-2 reactor, using 20-g samples in cylindrical
aluminum containers. The measurements were per-
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formed in a DISPLEX (brand name of a closed-cycle
helium cooler made by Air Products Inc.) at room tem-
perature (RT) =295 K and at low temperatures (LT)
down to 10 K. These measurements determined the RT
and LT crystallographic structure and the LT magnetic
structure of the U(Ni,_, Cu,),Ge, solid solutions.

III. RESULTS

A. Crystallography

All U(Ni;_,Cu,),Ge, solid solutions prepared exhibit
a major ThCr,Si,-type phase and minority impurity
phases, most noticeable (2%) in UCu,Ge,.

The RT lattice parameters (a,c), as determined by x-
ray and neutron diffraction, and the RT fitted position
parameter (z) of the germanium atom, as determined by
neutron diffraction, of the U(Ni,_,Cu,),Ge, solid solu-
tions are given in Table I. The previously published lat-
tice parameters of the compounds UNi,Ge, (Refs. 5-8)
and UCu,Ge, (Refs. 5-9) differ by less than 0.4% from
the lattice parameters determined in the present study.

The variation of the lattice parameters with x is plotted
in Fig. 1. The lattice parameter @ drops between x =0
and 0.25 and then remains constant (=~4.05 A). The lat-
tice parameter c¢ increases with x rapidly from x =0 to
0.25 and then moderately up to x =1.

The LT fitted position parameter (z) of the germanium
atom falls within the experimental error range of the
respective RT value.

B. ac susceptibility

The temperature dependence of the molar ac suscepti-
bility of the solid solutions U(Ni;_,Cu,),Ge, in the
80-295-K range is shown in Fig. 2. No susceptibility
peak is obtained in this temperature range for UNi,Ge,
(x =0), in agreement with the neutron-diffraction obser-
vation of ordering at Ty =80%5 K. One susceptibility
peak, corresponding to single magnetic transition, is ob-
served for x=0.25, 0.50, and 1. Two susceptibility
peaks, corresponding to two consecutive magnetic transi-
tions, are observed for x =0.75, 0.90, and 0.95; the lower
transition in the latter is almost overshadowed by the
higher sharp peak, corresponding to a ferromagnetic

TABLE 1. Room-temperature (RT) lattice parameters (a,c)
and fitted position parameter (z) of the germanium atom in the
U(Ni,_, Cu,),Ge, solid solutions. The RT residuals R are from
neutron diffraction.

Compound RT lattice parameters R (%)
or solid a (A) c (A) z at
solution (£0.010) (£0.020) (=£0.001) RT

UNi,Ge, (x=0) 4.106 9.464 0.384 8.3
U(Nio'75CuO'25)2Ge2 4.054 9.810 0.373 6.3
U(Nig, 5Cuyq 5),Ge, 4.055 9.970 0.377 2.5
U(Nip »5Cug, 75),Ge, 4.060 10.070 0.376 43
U(Nio lcung)zGez 4.060 10.150 0.379 3.5
U(Nig,05Cug, 95)2Ge, 4.053 10.190 0.379 2.3
UCu,Ge, (x=1) 4.050 10.250 0.379 6.4
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FIG. 1. Variation of the room-temperature lattice parame-
ters (a,c) with the copper content (x) in the U(Ni,_,Cu,),Ge,
solid solutions (see Table I).

transition. The transition temperatures in the solid solu-
tions are generally higher than those for the end com-
pounds UNi,Ge, and UCu,Ge, and are in good agree-
ment with those obtained by neutron diffraction (see Sec.
II1C).

The values of the molar susceptibility ¥ ,, measured for
the solid solutions U(Ni;_,Cu,),Ge, at RT and at the or-
dering and other transition temperatures (Fig. 2) are
given in Table II. The RT values are in the range
(2.9-5.4)X1073 emu/mol, characteristic of the
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FIG. 2. Temperature dependence of the molar ac susceptibil-
ity at 80-295 K (thin curve) and its inverse in the paramagnetic
state (thick curve) in polycrystalline samples of the
U(Ni;_,Cu,),Ge, solid solutions.
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TABLE II. ac-susceptibility results in the U(Ni,_,Cu,),Ge, system: molar susceptibility (x,s) at
room and transition temperatures, effective paramagnetic moment (u.¢), paramagnetic Curie tempera-

ture (®), and transition temperatures (Ty or T¢, Ty).

Sample Xu (1073 emu/mol +4%) K Tc Ty T,
weight at at T¢ at (£0.2) 0 (£5) (£5) (£5)
x (mg) RT or Ty T, (pp) (K) (K) (K) (K)
0 766 33 3.0 —40% 10 80
0.25 418 3.7 7.8 3.0 —12+12 135
0.50 331 4.2 10.9 2.8 +57+7 140
0.75 480 4.4 18.1 13.1 2.7 +80+10 133 117
0.90 619 4.6 61 40 2.7 +95+5 115 95
0.95 450 5.4 2600 68 2.5 + 85425 110 94
1 280 2.9 4300 2.1 +102+2 107

paramagnetic state. As the temperature is lowered and
the ordered state is approached, the value of y,, increases
by a factor of 2-3 for the antiferromagnetic solid solu-
tions (x =0.25 and 0.50). This factor rises to 4, 13, and
470 for the solid solutions with x =0.75, 0.90, and 0.95,
which order ferromagnetically and undergo additional
transitions to antiferromagnetic or ferrimagnetic phases
at lower temperatures T, where this factor is only 3, 9,
and 14, respectively. The factor increases to 1500 for the
compound UCu,Ge, (x =1), which orders ferromagneti-
cally.

Also shown in Fig. 2 is the inverse susceptibility of the
solid solutions U(Ni;_,Cu,),Ge, in the paramagnetic
state. The paramagnetic Curie temperature ® and the
effective paramagnetic moment p.; are obtained [in uyp
(Bohr magnetons)] from the linear part of the inverse sus-
ceptibility via the relation

(Xp) '=(2.83/u ) AT—0O), (1)

where Y,, is given in emu/mol and (T —®) is given in
kelvin. A full linear behavior is observed only for
UCu,Ge,, leading to a paramagnetic Curie temperature
®=+102+2 K, close to T, that is indicative of the fer-
romagnetic order observed by neutron diffraction. In the
other solid solutions, the inverse-susceptibility curves are
not linear over the entire temperature range, and so we
use the linear parts of the curves at temperatures above
200 K. The values of ®, obtained from the intersection
of these linear parts of the curves with the temperature
axis, are listed in Table II.

For UNi,Ge, the value is negative, ®= —40£10 K,
and is slightly higher than the values reported in Ref. 5
(—54 K) and in Ref. 6 (—71 K). The paramagnetic Cu-
rie temperature increases monotonically with x. It is
much lower than the ordering temperature in the solid
solutions with x =0, 0.25, and 0.50, indicating antiferro-
magnetic ordering. It approaches the ordering tempera-
ture in the intermediate solid solutions with x =0.75,
0.90, and 0.95. For UCu,Ge, our value of ® is similar to
the value reported in Ref. 5 (4100 K) and is very close to
the Curie temperature.

With the molar susceptibilities at RT and the respec-
tive values of @, the values of u.4 are obtained using Eq.
(1). They are all listed in Table II. For UNi,Ge, the
value of p.¢=(3.0%0.2)uy is similar to the values report-

ed in Ref. 5 (3.16up) and in Ref. 6 (3.08up). p.qis near-
ly constant at (3.0-2.7)up for the solid solutions with
x =0.95 and drops to (2.1£0.2)up in UCu,Ge,, where
its value is different from the values reported in Ref. 5
(2.40u ) and in Ref. 10 (2.65up).

C. Magnetic structures determined
by neutron diffraction

For all U(Ni,_,Cu,),Ge, samples investigated, the
reflections observed from the RT diffractograms
(h+k+I1=even) are consistent with the ThCr,Si,-type
crystallographic structure and the 14 /mmm space group.
The RT diffractograms show clear variation with x of the
relative intensities of the first nuclear reflections ({002}
and {110} with respect to {011}), as expected from the
variation of b, the weighted average scattering length, of
the M site (=Ni,_,Cu, ), affecting only reflections with
h+k=even. The RT residuals (R) are included in Table
I. The LT residuals are given with the LT results in
Table III.

The LT diffractograms of UNi,Ge, and of all the
U(Ni;_,Cu,),Ge, solid solutions investigated (with
x=0.25, 0.50, 0.75, 0.90, and 0.95) show magnetic
reflections, in addition to the nuclear reflections in the
RT diffractograms. In UCu,Ge, the LT diffractogram
does not show additional reflections besides the nuclear,
but shows magnetic contributions manifested as in-
creased intensities on top of all nuclear reflections except
{002}, as discussed later.

The LT diffractogram of UNi,Ge, (at 10 K) shows ad-
ditional reflections for which A +k+I/=o0dd (such as
{010}, {012}, {111}), indicating antiferromagnetic order-
ing of at least the uranium sublattice, with a wave vector
k=(0,0,1) and + — + — stacking of ferromagnetic lay-
ers along the tetragonal axis (AF-I). The absence of
{00!} reflections with odd [ indicates that the ordered
magnetic moments are along the tetragonal axis. The in-
tegrated intensities of the reflections with 4 +k +7/=o0dd
are in agreement with the ordering of the uranium sublat-
tice, with a fitted ordered magnetic moment of
(1.940.5)up. Antiferromagnetism appears at T, =80+5
K, and the antiferromagnetic structure is of the same
type down to T=10 K.

The LT diffractograms at 10 K of U(Ni, 15Cug ,5),Ge,
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TABLE III. Neutron-diffraction results in the U(Ni,_,Cu,),Ge, system: ordering temperature (T
or T¢), transition temperature (T ), types of ordering, calculated LT residual (R), and uranium ordered

magnetic moment at =~ 10 K (m).

Tc Ty Order T, Order R (%)
(£5) (£5) below (£5) below at m (10 K)
x (K) (K) Te or Ty (K) T, 10 K (up)

0 80 AF-1 8.3 1.9+0.5
0.25 135 AF-1 8.2 2.0+0.4
0.50 140 AF-I 3.4 2.240.1
0.75 133 ferro 117 AF-1 5.5 2.24+0.2
0.90 115 ferro 95 ferri 4.3 1.9+0.2
0.95 110 ferro 94 AF-IA 1.6 1.94+0.1
1 107 ferro 7.8 1.9+0.4

(x=0.25) and of U(NijsCuqs),Ge, (x=0.50) (Ref. 4)
are similar to that of UNi,Ge,. These materials are anti-
ferromagnetic, with the AF-I structure as in UNi,Ge,,
with Ty increasing to 135+5 and 140+5 K, respectively.
The fitted ordered magnetic moments at 10 K are
(2.0%£0.4)up and (2.2%0.1)up for x =0.25 and 0.50, re-
spectively.

U(Nig ,5Cug 75),Ge, (x =0.75) orders ferromagnetical-
ly at T, =133x5 K, as indicated by the ac-susceptibility
measurements, showing another transition at T, =117%5
K to an antiferromagnetic phase. The magnetic structure
is again AF-I, as seen from the LT neutron diffractogram
(at 10 K) [Fig. 3(a)]. The observed integrated and calcu-
lated intensities for the RT and LT neutron-diffraction
spectra are listed in Ref. 12. The fitted ordered magnetic
moment at 10 K is (2.2+0.2)up.

U(Niy ;Cuq ¢),Ge, (x =0.90) orders ferromagnetically
at To=115%5 K, as indicated by the ac-susceptibility
measurements, showing another transition at T,=95xt5
K to a ferrimagnetic phase, characterized by a rather
high x,, at T;,. The LT neutron diffractogram (at 10 K)
[Fig. 3(b)] shows superlattice reflections which can be in-
dexed as {hk(I+2)} satellites of the RT nuclear {hkl}
reflections. The observed integrated and calculated in-
tensities for the RT and LT neutron-diffraction spectra
are listed in Ref. 12. The additional reflections corre-
spond to a wave vector k=(0,0,%) and ferrimagnetic
+ + — stacking of ferromagnetic layers along the tetrag-
onal axis. The absence of {00(/%2)} reflections indicates
that the ordered magnetic moments are along the tetrag-
onal axis. Details of the measurements on this solid solu-
tion have been published separately.!>!3 The same ferri-
magnetic structure was found in the LT phase (below 53
K) of the related compound UNi,Si, by neutron
diffraction on polycrystalline® and single-crystal'* sam-
ples. The fitted ordered magnetic moment of the present
material at 10 K is (1.9£0.2)up.

U(Nig o5Cuy_ ¢5),Ge, (x =0.95) orders ferromagnetical-
ly at To=110=%5 K, as indicated by the ac-susceptibility
measurements, and is characterized by a rather high peak
in X, at Tc. It undergoes another transition at
Ty=94+5 K to an antiferromagnetic phase. The LT
neutron diffractogram (at 10 K) [Fig. 3(c)] shows super-
lattice reflections which can be indexed as {hk(/+1)} sa-
tellites of the RT nuclear {hkl} reflections. The observed

integrated and calculated intensities for the RT and LT
neutron-diffraction spectra are listed in Ref. 12. The ad-
ditional reflections correspond to a wave vector
k=(0,0,1) and antiferromagnetic ++ — — stacking of
ferromagnetic layers along the tetragonal axis (AF-IA).
The absence of {00(/%])} reflections indicates that the
ordered magnetic moments are along the tetragonal axis.
The same magnetic structure was reported at low temper-

(a)rx_='o75Illl||1l||III|II|ITTI]III|IITTTTT
) ° ~ _
800 S > >
| |
400
(B S og
m ——] g i o™ m o
4 4008 3 T 5 %3
C ) ) ) Py s =
b}
3 200k ! | | (A
0
< O b e b
Q (C)IX=095|||||l||11|||||11||||||||||||I|]|
; X
"5‘1200% § < g <
) 53 5] ) o -
z | |

600

0

500

250
0 RN NE RN NN RN RN IR E NI NN RN RN IS
10 20 30 40 50

Scattering angle

28 (deg>

FIG. 3. Neutron- (A=2.4 A) diffraction patterns at 10 K of
polycrystalline U(Ni,_,Cu,),Ge, solid solutions (with the in-
dices of the nuclear reflections omitted): (a) x =0.75, showing
magnetic reflections and the absence of {00/} reflections with
odd /; (b) x=0.90, showing satellite magnetic reflections at
{hk(1£2)} positions around nuclear {hkl} positions and the
absence of {00(/£2)} reflections; (c) x =0.95, showing satellite
magnetic reflections at {hk(I/£1)} positions around nuclear
{hkl} positions and the absence of {00(I%1)} reflections; (d)
x =1 (UCu,Ge,), implying magnetic contributions to the nu-
clear reflections except {002}.
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atures in the previous study of UCu,Ge, (Refs. 5 and 9)
and has been reported in the compounds RM, X, [such as
NdFe,Si, (Ref. 15)]. The fitted ordered magnetic moment
of the present material at 10 K is (1.9£0.1)up.

In the three solid solutions with x =0.75, 0.90, and
0.95, the ordered magnetic moments in the ferromagnetic
phases (at Ty <T <T() are too small to be detected in
our neutron-diffraction measurements.

The LT diffractogram (at 10 K) of UCu,Ge, (x =1)
[Fig. 3(d)] shows no additional reflections with respect to
the RT diffractogram. Additional intensities on all nu-
clear reflections, except on {002}, are associated with fer-
romagnetic ordering of the uranium sublattice along the
tetragonal axis. The observed integrated and calculated
intensities for the RT and LT neutron-diffraction spectra
are listed in Ref. 12. The fitted ordered magnetic mo-
ment at 10 K is (1.9+0.4)u,. Ferromagnetism appears
at T-=107=x5 K, and there is no transition to an antifer-
romagnetic phase down to T=10 K. The same sample
has been studied later with the DN2 multidetector at the
Siloe reactor in the CEN de Grenoble and found to be
ferromagnetic down to 2 K, confirming the above result.
The LT AF-IA (+ + — —) phase reported earlier for this
compound>®1° is not observed in our sample, and this is
not a problem of resolution, since the same structure is
observed in our sample of U(Nij o5Cuy 95),Ge, (x =0.95).

The uranium ordered magnetic moments (at 10 K) as a
function of x are given in Table III. The variation of the
ordered magnetic moment with temperature in the ma-
terials studied is deduced from the temperature variation
of the integrated intensity of the first magnetic reflection
(depending on the structure): {010} for x =0, 0.25, 0.50,
and 0.75; {01(1)} for x =0.90; {01(1)} for x =0.95; and
{011} for x =1.

D. Magnetic phase diagram

The neutron-diffraction results in the
U(Ni,_,Cu,),Ge, system are summarized in Table III.
Based on these results, the proposed magnetic phase dia-
gram (temperature versus composition) of the
U(Ni,_,Cu,),Ge, solid solutions, at zero applied mag-
netic field, is shown in Fig. 4. An antiferromagnetic-
ferromagnetic transition occurs for U(Ni, ,5Cu, ;5),Ge, at
117 K, a ferrimagnetic-ferromagnetic transition occurs
for U(Niy Cuyo),Ge, at 95 K, and another
antiferromagnetic-ferromagnetic transition occurs for
U(Nij o5Cuy ¢5),Ge, at 94 K, as already mentioned above.

IV. DISCUSSION

The neutron-diffraction data determine unambiguously
the type of magnetic ordering of the uranium sublattice
in the U(Ni,_,Cu,),Ge, solid solutions. These data are
consistent with the ac-susceptibility data, and both
characterize the U(Ni;_,Cu,),Ge, system in a zero ap-
plied magnetic field. The direction of the uranium mag-
netic moments in this system is along the tetragonal axis,
independent of magnetic structure type, as found hitherto
in all UM,X, compounds and U(M,M’),X, solid solu-
tions having the I4/mmm space-group symmetry.
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FIG. 4. Proposed magnetic phase diagram (temperature vs
composition at zero applied magnetic field) of the
U(Ni,_,Cu,),Ge, system. Most of the diagram is AF-I. Other
magnetic structures and magnetic phase transitions are concen-
trated in the copper-rich side.

An important property is the nonordering of (or rather
low magnetic moment on) the (Ni,Cu) sublattices. Non-
magnetic M sublattices are also the common case in the
parallel lanthanide compounds LnM,X,."® In spite of
their nonmagnetic character, the M or (M,M’) sublat-
tices determine the type of ordering on the uranium sub-
lattice in the UM, X, and U(M,M’),X, systems, respec-
tively, as demonstrated in the present study (Fig. 4). This
behavior is basically different from the behavior in sys-
tems with other 3d transition metals. In the UMn,X,
compounds, both manganese and uranium sublattices or-
der magnetically, while in the UFe,X, compounds nei-
ther iron or uranium sublattices order magnetically.!”

The common magnetic structure is the AF-I structure,
and indeed it covers a wide range of the magnetic phase
diagram (temperature versus composition) of the
U(Ni,_,Cu,),Ge, system (Fig. 4). A special peculiarity
of this diagram is the ferromagnetic-to-commensurate
crossover, which occurs for solid solutions with x =0.75
(at 117, 95, and 94 K for x =0.75, 0.90, and 0.95, respec-
tively), disappearing close to x =1, where only the fer-
romagnetic phase exists.

For x =0 (UNi,Ge,) our neutron-diffraction results, of
AF-I ordering below T), =80 K, are in agreement with
the results of Chelmicki, Leciejewicz, and Zygmunt.’
Our uranium ordered magnetic moment (at 10 K) is
somewhat lower than theirs (2.35u; at 4.2 K), while our
z value at RT is slightly higher than theirs (0.3785).

For x=1 (UCu,Ge,) we did not observe the LT
ferromagnetic-antiferromagnetic transition, reported by
Leciejewicz, Chelmicki, and Zygmunt>® from their
neutron-diffraction results, although our uranium or-
dered magnetic moment (at 10 K) is close to theirs
(1.61up at 4.2 K) (as are both z values at RT, which are
the same, 0.379). A LT transition was also observed by
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McAlister, Olivier, and Siegrist!® in their high-field mag- 200 -
netization results, but not in their zero-field resistivity 180 —U(NI"XCUX)2Ge2 (H=0)
data. It is not possible that the LT AF-IA phase was 160 Paramagnetic |
overlooked in our experiments. Since the neutron- 140
diffraction resolution of our measurements (at A=2.4 A) 120
is better than the resolution in the measurements of <100
Leciejewicz, Chelmicki, and Zygmunt>® (at A=1.326 A), < 80
we are better set to detect the AF-IA structure, as we 3 60
have indeed done for the solid solution g 40
U(Niy,gsCuy,g5),Ge,. £ 20

It is suggested that the appearance or absence of the 2 0
AF-IA structure lies in the sample-preparation pro- -20
cedures. The UCu,Ge, sample of Leciejewicz, Chel- -40
micki, and Zygmunt>® was not annealed, while all our 60 -
samples, including U(Nij sCug ¢5),Ge, and UCu,Ge,, -go L L I L1 1
were annealed as explained above. The crucial role of an- 0 025 0')(50 0.75 1

nealing in the crystallography and magnetism of the
UM,X, compounds has been previously shown for
UCo,Ge,.!® In this case unannealed material has a crys-
tallographic structure of symmetry lower than I4/mmm,
with a smaller lattice parameter ¢, and does not order
magnetically,®'® while annealed material acquires the
I4/mmm space-group symmetry and orders antifer-
romagnetically at Ty=175t5 K.I'2® A5 the
U(Ni,_,Cu,),Ge, system in the vicinity of x =1 is quite
complicated magnetically (see Fig. 4), one can reasonably
argue that the appearance of the AF-IA phase in a sam-
ple of UCu,Ge, can be due to small deviations from
stoichiometry on the copper sublattice. Such deviations,
e.g., vacancies in the copper sublattice of the major
ThCr,Si,-type phase, are accompanied by copper-rich
minor phases and are generally removed by annealing.
Substoichiometry in the copper sublattice reduces the
number of conduction electrons, as does replacement of
copper by nickel, both causing the appearance of the
AF-IA phase in UCu,Ge,.

The observed changes of the magnetic structure (from
Fig. 4) and paramagnetic Curie temperature ® (from
Table II) in the U(N,_, Cu,),Ge, system with the copper
content x, as shown in Fig. 5, are the result of the oscilla-
tory dependence on the number of conduction electrons,
thereby indicating Ruderman-Kittel-Kasuya-Yosida
(RKKY) type behavior. Such a behavior was claimed
also in the respective cerium system.!” RKKY-type in-
teractions are consistent with the observed sensitivity of
the magnetic structure to small changes of interatomic
distances.

In the U(Co,_,Cu,),Ge, system both lattice parame-
ters increase with the copper content (z),3 differently

FIG. 5. Variation of the paramagnetic Curie temperature ®
(from Table II) and the magnetic structure (from Fig. 4) with
the copper content (x) in the U(Ni,_,Cu,),Ge, system. The
variations are characteristic of a RKKY-type behavior (oscilla-
tory with distance and conduction-electron concentration).

from the variation in the system U(Ni,_,Cu,),Ge,. In
the latter a drops slightly and ¢ increases sharply between
x =0 and 0.25. The unique situation in UNi,Ge, is also
evident in similar lanthanide compounds RNi,X,. How-
ever, the  tetragonal-cell volumes in  both
U(Co,_,Cu,),Ge, and U(Ni,_,Cu,),Ge, systems in-
crease monotonically with the copper content, being
similar (159.5 A’) in UCo,Ge, and UNi,Ge, and 5%
higher (168.1 A’) in UCu,Ge,. Such a variation of
tetragonal-cell volume in the UM, Ge, compounds is well
correlated owith Pearson’s metgllic radii,?® which for M
are 1.252 A for cobalt, 1.246 A for nickel, and 1.278 A
for copper. The metallic radius of copper is about 2%
higher than the other metallic radii, leading to the in-
crease in the observed tetragonal-cell volume with copper
content.

Neutron-diffraction and ac-susceptibility investigations
of the parallel system U(Ni,_, Cu,),Si, (with Si replacing
Ge) have already started,?! and the determination of the
magnetic phase diagram (temperature versus composi-
tion) is currently in progress.
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