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Abstract

The investigation of magnetic properties and *'Fe Méssbauer effect (ME) is reported for the U,Fe,,_,Ge, system for
2 <x < 4. The magnetic investigation, apart from for conventional magnetometric measurements, also includes high field
examination up to 14 T. Moreover, the ME data are collected in the temperature range 10~650 K. An attempt to determine
the contribution of the uranium to the magnetism of the phases investigated proved to be unsuccessful. The ME results allow
us 1o propose a model of the occupancy of the crystallographic positions by the Fe atoms. The comparison of the properties of
bulk and powder samples suggests an importance of magnetic interactions for stability of the crystal structure. © 1997

Elsevier Science S.A.
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1. Introduetion

The iron-rich rare-earth intermetallics with the
Th,Ni,, structure have been investigated actively due
to their potential application as permanent magnets.
They can exist as binaries or pseudobinaries (for
review see [1]). The Th,Ni,, structure can be de-
scribed as the stacking of three different atomic planes
perpendicular to the c-axis: the O-plane is formed by
transition T clements located at the 6(g) and 12(k)
sites; the P-plane is where f-electron atoms at the 2(b)
and 2(d) sites and T atoms at the 12(j) site are
distributed; the T-plane contains the same atoms as
the P-plane but exhibits a different ordering. All
these planes are separated by a pair of T atoms at the
4(f) site commonly described as a ‘dumbbell’,
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The *U,T,,' binaries do not exist in thermodynamic
equilibrium, however, alloying with electron donor
elements, such as Al, Si and Ge yields compound
formation with crystal structures isotopic with the
Th, Ni,y-type where T = Fe [2-6}, Co [5,6] and Ni [5].
This examination has shown that these systems exist
in broad composition ranges, however, U, Fe,Al, [4],
U,Ce,sSi, [5] and U;Ni<Ge, [5) compounds exhibit
strictly limited stoichiometry. The most recent investi-
gation of the U,Fe,,_,Ge, alloys [6], also on single
crystal samples (5] has shown for 2<x <3 a strong
preferential site occupation of the Ge atoms on one
12(k) of the four different Fe atom sites. All the alloys
order ferromagnetically with a Curie point 7, going
through a maximum at T, = 545(5) K for x = 2.5.

In the present paper we extend the research to
STFe Mossbauer effect (ME) measurements over a
broad temperature range and the magnetization
determination in steady magnetic field as high as 14T
at 4.2 K.
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2. Experiment

The samples with 2 < x < 4 were obtained by direct
melting of the constituent elements in stoichiometric
proportion in an arc-furnace under protective argon
atmosphere. This procedure is followed by prolonged
annealing under vacuum. This operation has to be
done carefully because for higher x, annealing pro-
duces a surplus of free Fe which is clearly seen as the
high temperature tail of the susceptibility and extra
lines in the ME spectra (see below). The X-ray analy-
sis shows that the quality of samples is comparable
with those of [6] and consistent with the ME results.
The temperature [M(7)] and the field [M(H)] depen-
dencies were obtained at equipment standard in our
laboratories. The M(T) plots were determined at
temperatures from 4.2 to 650 K and under a magnetic
field of 0.5 T whereas M(H) was obtained at T = 4.2
K and in magnetic fields up to 14 T. The Curie points
were defined as corresponding to the maximum of the
first derivative of magnetization, dM(T)/dT.

Mossbauer effect (ME) measurements were carried
out using standard transmission geometry, with the
Co (Rh) source kept at room temperature and the
temperature of the absorber being changed in the
range of 20-600 K in a gas-flow cryostat or in a
furnace with helium-flow around the sample. Approx-
imately 60 mg of the prepared material (mixed with
MgO powder) was used for the absorber of the di-
ameter of 5 mm. The obtained powder was heavily
pressed between two pieces of thin Al-foil. All isomer
shifts are given with respect to the metallic iron.

3. Results and discussion

The temperature dependencies of magnetization
are fairly close to those obtained previously (see e¢.g.
[6]), therefore, for the sake of brevity, they are omit-
ted here. The magnetization vs. magnetic field up to
14 T at 4.2 K is presented in Fig. 1 for x=2.5 as an
example. It is seen that there is no hysteresis and the
saturation is obtained above 5 T (50 kOe). Although
the numerical values of the saturation moment given
in [6] should be considered cautiously (for x=2.5,
p, =228 pg fu™!), our value is in fair agreement
(24.3 ug fu~! at H=14 T). In Fig. 1 the results for
polycrystalline and powder samples are shown and at
present we cannot find any explanation for why the
saturation for the latter is lower than for the former.

Typical room temperature (RT) Mdssbauer spectra
are presented in Fig. 2 for samples with x = 2.0 and
3.5. The outermost lines visible in the spectrum of
x=2 sample originate from the magnetically split
six-line pattern of metallic a-Fe (probably slightly
modified by the presence of U or Ge) and two Zee-
man sextets were used to fit them. The existence of
metallic iron was evident also from the magnetization
vs. temperature, M(T) curves (not shown). The
amount of this impurity phase depends on the Ge-
content and thermal treatment. Homogenization of
the samples seems to improve the quality of the
samiples with relatively low Ge-index, x, but in the
case of the samples with x> 3 it leads to the forma-
tion of the precipitates of metallic iron,

There are four crystallographic Fe positions in the
ThaNiy; structure: 40, 6(g), 12¢)), and 12(k). Then
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Fig. 1. Magnetization of U, Fe,, sGey ¢ vs. magnetic field at 4.2 K. The upper curve is for the polyerystalline sample and the lower curve is for

powder sample.
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Fig. 2. *"Fe Massbauer spectra of U,Fe,,.,Ge, with x =2 and 3.5
taken below and above the Curie temperature. Solid lines are fits to
the data.

the ME spectra are fitted with four sextets
(Z21,22,23,Z4, respectively) with different widths of
the inner and outer lines, corresponding to the four
distributions of magnetic hyperfine fields due to a
slightly different crystallographic surrounding. In the
case of some spectra two additional sextets were used
for the impurity subspectra. The obtained RT values
of quadrupole splitting, AE,, for the four positions
were approximately + 0.11=0.20 mm s~' (Z2,23,24)
and = 0.17 mm s~ (Z1), The spectra above the Curie
temperature (i.e. in paramagnetic state, see Fig. 2 for
x=35 at T=2533 K) were fitted with a quadrupole
doublet with AE, ~ 0.40 mm s~ ', It scems then that
the main axis of the electric field gradient is roughly
perpendicular to the basal plane of U,Fe,_Ge, in
which the magnetic field vector lies [5]. The average
RT isomer shift §IS™ of non-homogenized and ho-
mogenized samples is plotted in Fig. 3 vs. Ge concen-
tration, x. The increase of SIS™ with increasing x
(with a slope of A(SIS™)/Ax=0.10 mm s7') is
clearly observed, indicating the expected increase of
the 4 s electron density due to Ge — Fe substitution.
The saturation of §1S™(x) dependence observed for
homogenized samples with x> 3 suggests that the
solubility limit of Ge in homogenized U,Fe,,_,Ge,
has been reached at x =3, in good agreement with
the conclusion obtained in [6).

The identification of the 4(f) position as corre-
sponding to the Z4 sextet is obvious: the Z4 subspec-
trum has the smallest relative area (Fig. 4) and the
largest hyperfine field ) (in the case of x = 2 as-cast
sample we obtained 193.6, 172.6, 134.2 and 228.8 kOe
for ZI, Z2, Z3 and Z4, respectively). The 4(f) position
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Fig. 3. The average isomer shift 8IS™ of as-cast (closed symbols)
and homogenized (open symbols) samples of U, Fe,,.,Ge,, plotted
vs. Ge concentration, x. Lines are guides for the eye.

has (13 — x) Fe-nearest neighbors (NN) in comparison
to (10 —x) for 12(j) and 6(g), and (9 —x) for 12(k).
The 4(f) position is then expected to have the largest
value of H,,. Based on the occupation number (Fig.
4a) we ascribe Z3 to the 6(g) position. In the case of
R,Fc,,; (R-rare earth) compounds the energy of the
magnetic Fe-Fe interactions increases with increasing
distance between Fe atoms. Thus, we define r,, as the
mean distance of Fe=NN. As r,, is clearly the smallest
for the 6(g) site, the smallest H,, value for this site is
expected, and is in fact observed. The largest value of
r,, in the ThyNi, structure of U,Fe,,_,Ge, corre-
sponds to the 4(f) site. Sites 12()) and 12(k) then
correspond to Z1 and Z2. The value of r,, is larger
for 12(j) and at the same time this site has a larger
number of Fe-NN; both facts should result in a
higher value of H,, for the 12(j) site. We therefore
relate Z1 to 12(j) and Z2 to 12(k). From the Ge-in-
duced changes of the intensity and the hyperfine
magnetic field, H,,, corresponding to each Fe posi-
tion we conclude that a unique preferred substitution
site for Ge in U, Fe,,_,Ge, does not exist. Increasing
the x value leads to a slight increase of the occupa-
tion number of 6(g) sites and a significant decrease of
the occupation numbers of the 12(k) and 12(j) sites.
The occupation of 4(f) sites by Fe is clearly incom-
plete for all Fe-Ge compositions studied. It could be
caused by Ge substituting into this site, but the struc-
tural data of [6] strongly exclude such a possibility.
We suggest rather that the observed low occupation
of 4(f) sites could be due to an inexact stoichiometric
substitution of U by a Fe-dumbbell (similarly to the
situation encountered in the nitrogenated Y,Fe;;N,
system [7)). Germanium atoms seem hence to occupy
preferentially 12(k) sites, and upon further Ge substi-
tution they enter both 12(k) and 12()) sites. The
occupation of 12(k) sites by doped Ge atoms was also



484
e e e e , — ,
I
| 2 a o b)
. d &
12 ) 124, . |
| Q\ = }
i : 17N \o \ el !
% 3 G\\ n\‘,/c g 2 a
28 T ha 1 & 8F RIS
s P - 8o7C 1
3 i 3 . a b -]
| £ PARRE :
; e L
S4r 74 1
A v v @ i
; Q@ o v 2] \v“V~»~ i
i v v i
| |
0 : a :
2 3 4 2 3 4
Ge-content x Ge-content x

Fig. 4. The relative intensity of the components Z1, 22, Z3 2= Z4
of room temperature Mossbauer spectra of as-cast (a) and homoge-
nized (b) samples U, Fey, Ge, recaleulated to (34 - 24 = 100%).

suggested in [6). In the case of the isostructural
Y,Fe,;Ge, compound. a preferential substitution of
12(k) sites by germanium was also found.

We note here a relatively weak iinear decrease of
the average (H,,) (and also H,, of the Z1-Z4
subspectra) with increasing x, as is shown in Fig. Sa.
Assuming that approximately 1S T corresponds to 1
uB (phenomenological conversion factor), we recalcu-
lated these data to obtain the effective moments of
the Fe-sublattices (in a unit cell) at RT (Fig. 5b). For
comparison we have shown, in Fig. 5b, the moments
of unit cell obtained in [6] from magnetization mea-
surements, The difference of approximately 10% does
not allow us, however, to draw any decisive conclu-
sions concerning the possible contribution of the mag-
netic moment of uranium. The estimation of the
effective moment of the Fe sublattice, p, (Fe) as
mentioned above was based on empirical relation,
The presence of metallic Fe-impurity visible in the
M(T) plot could lead to overestimation of the effec-
tive moment of the unit cell of U,Fe,;_,Ge,. We
estimate the resulting error to be in the range 8-10%.

The Curie temperature 7, as obtained from ME
data (Fig. 6) increases from approximately 504 K for
A=210 530 K for x =135, The M(T) measurements
in the field of 5 kOe (not shown) yielded slightly
higher values of approximately 503-545 K. As can be
seen from the inset of Fig. 6, when the temperature
approaches 7, the hyperfine field, H,,. is proportio-
nal to (T, = T)V? with the critical exponent B = 0.5,

An interesting phenomenon was observed in the
case of samples used for ME (powders) and contain-
ing metallic Fe impurity phase (all homogenized sam-
ples and the as-cast ones with x < 3.5), These samples
were unstable above 7, towards the formation of
metallic iron (see Fig. 7). We did not observe this
instability in the case of ingots made of such materials
as well as the powder samples used for magnetomet-
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Fig. 5. The average magpetic hyperfine field (a) and the resulting
magnetic moment py (b) of Fe-sublattice in U,Fey,. Ge, vs. Ge
concentration, x: as-cast samples (full circles), homogenized sam-
ples (open circles). Open diamonds in (b) represent the results of
Chevalier ct al. [6] for homogenized samples,

ric measurements. Also the other ME samples with
x 2 3.5 (without metallic Fe but not single phase)
were stable up to the highest obtained temperatures
(650 K). We exclude here the possibility of the reac-
tion with the Al foil or the formation of any oxides.
As the ME samples are ground and then heavily
pressed, it probably results in good mechanical con-
tact between wmetallic Fe precipitates and
U,Fe ;. ,Ge, material, which in turn leads to the
decomposition of the latter material, The coincidence
of the decomposition temperaturc with 7, suggests
that it may be the energy gain due to the magnetic
ordering which stabilizes the structure up to 7,. This
suggestion is confirmed by Pearson [8] who pointed
out that the cell dimensions in the (RANM, Al and
(RANM, AL, phases indicated relative  transition
metal sizes in the order Fe < Cu < Mn < Cr, whereas
in the elemental metals manganese is lmger than
chromium which is approximately of the same size as
iron, This difference in behavior is related by Pearson
[8] to magnetic interactions.
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Fig. 7. The temperature dependence of average magnetic hyperfine
ficld, H;, (closed circles, left hand scale) and relative amount of
metallic Fe (closed squares, right hand scale) and U,Feyy. Ge,
{open squares, right hand scale) for x = 2 as cast sample.

4. Conclusions

A series of U,Fe;_,Ge, compounds with 2 <x < 4
has been synthesized and their magnetic properties
investigated using ¥Fe ME and dc-magnetization.
The ME data show that a unique Ge substitution site
does not exist and the doped germanium atoms enter

the 12(k) sites initially. Upon further doping, Ge
atoms seem to enter the 12(k) and 12(j) sites, mainly.
The magnetic moment of iron decreases slowly with
increasing Ge concentration, while the Curie point
remains unchanged. Magnetic contribution of ura-
nium, if any, remains within experimental error. There
is some suggestion of a relation between magnetic
interactions and the stability of crystal structure.
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