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Ferromagnetic Ordering in UFe; 40Ge, Studied by °'Fe Mossbauer Spectroscopy

Adam P. Pikul, Rafat Idczak, Piotr Sobota, Wojciech Nowak, Mathieu Pasturel, Vinh Hung Tran

o UFe( 49Ge; has been confirmed to order ferromagnetically
below T¢c = 37 K.

e The compound has been studied by Mdossbauer spec-
troscopy.

e The experiments have confirmed that the ferromagnetism
in UFe( 40Ge; is purely long-range in nature.

e The hypothesis of a ferromagnetic cluster glass below T¢
has been discarded.
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Abstract

A polycrystalline 3’ Fe-isotope-enriched sample of UFe 4Ge, was investigated by X-ray powder diffraction, magnetization and
Mossbauer spectra measurements. The compound was confirmed to crystallize with the orthorhombic CeNiSi,-type structure (space
group Cmcm) and with the lattice parameters a = 4.0759(2) A b= 15.8107(7) A andc= 4.0379(2) A, being close to those reported
previously for a very similar composition. Magnetic properties measurements showed that UFe( 49Ge; orders ferromagnetically at
Tc =37 K with the effective magnetic moment of 2.57(3) ug and the ordered magnetic moment at 70 kOe of about 0.64(1) ug, being
fully consistent with the earlier report on physical properties of UFe(30Ge,. 3 Fe Mossbauer spectra measurements performed both
in the field-cooled and zero-field-cooled regimes rulled out the formation of ferromagnetic cluster-glass or spin-glass state, and
confirmed that the ferromagnetism in the studied system is purely long-range in nature. A small contribution of about 0.24-0.36 up

to the total magnetic moment from the iron atoms was observed.

Keywords: A. Uranium intermetallics, A. Uranium germanides, D. Ferromagnetic ordering, E. X-ray powder diffraction, E.

Magnetization measurements, E. Mossbauer spectroscopy

1. Introduction 27
28

Uranium germanides have attracted much attention from the 2s
scientific community, following the discovery of unconven- s
tional superconductivity in the ferromagnetically ordered com- a1
pound UGe; [1], which crystallizes in the orthorhombic ZrGa;-
type structure (space group Cmmm) [2, 3]. As a result of in- s
tense search for other compounds exhibiting the coexistence s«
of ferromagnetism and superconductivity, which so far were ss
considered to be mutually exclusive, two ternary uranium ger- s
manides, namely URhGe and UCoGe, have been reported to be &
superconducting ferromagnets [4, 5]. They crystallize with the
orthorhombic unit cell of the TiNiSi type (space group Pnma),
and their common feature with UGe; is the presence of uranium **
zig-zag chains within the uranium layers.

Very similar uranium zig-zag chains have also been found in *
another group of uranium germanides, namely the compounds *
UT,-.Ge, (where T = Ru, Os, Ni and Fe), which all crystallize “
in certain derivatives of the same orthorhombic type of crystal *
structure. In particular, URug29Ge; and UOs 25Ge, form with “
a monoclinically distorted CeNiSi,-type unit cell (space group *
C2/c) [6, T]), while UNij 45Ge, and UFe( 39Ge, crystallize in a “
Ni-deficient CeNiSi, structure type (space group Cmem) [8, 9].
The compounds with Ru, Os and Fe order ferromagnetically at */
63 K [6], 45 K [7] and 37 K [9], respectively, and only the Ni- *
bearing phase was found to order antiferromagnetically at 47 K *
[8] 50

51

52
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The ferromagnetic order in UFe(39Ge; at Tc = 37 K oc-
curs in the presence of significant crystallographic disorder.
That disorder strongly influences the low-temperature physical
properties of the compound (especially its transport properties),
suggesting the formation of a ferromagnetic cluster glass [9].
To verify the latter hypothesis, we have investigated that com-
pound by measuring its >’Fe Mossbauer spectra at various tem-
peratures from the magnetically ordered range and in two dif-
ferent cooling regimes. In the following, we present the results
of those experiments along with their analysis for the formation
of glassy states.

2. Material and Methods

A polycrystalline sample with a nominal composition of
UFe( 40Ge; (that is, to the nearest 0.3%, identical to the pre-
vious composition) was prepared by conventional arc melting
the elemental components (with purity higher than 99.5% in
each case) with about 5 at.% iron substitution by the 3’Fe iso-
tope in purified argon atmosphere. During synthesis, the ingot
was turned over and remelted several times to ensure good ho-
mogeneity. Subsequently, the specimen was annealed for four
weeks at 900 K in an evacuated quartz tube to ensure good ho-
mogeneity. The mass loss at the end of the procedure was neg-
ligible.

Quality of the product was checked by X-ray powder diffrac-
tion (XRD) using a PANalytical X Pert Pro diffractometer
equipped with a CuK, radiation source. The experimental
XRD pattern was analyzed by the Rietveld method using the
Fullprof software [10]. Magnetic properties of the sample were
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Figure 1: Powder X-ray diffraction pattern of UFe(40Ge, (red circles) plot-

ted along with results of the Rietveld refinement of its crystal structure (black
curve). Upper and lower green ticks indicate Bragg positions for the major
(UFep.40Ge) and the impurity (UgFe;Geys) phases, respectively. Blue curve
shows the difference between the experimental and the theoretical patterns.

studied using a Quantum Design MPMS-XL SQUID magne-
tometer in the temperature range 1.8—300 K and in applied ss
magnetic field up to 70 kOe. 87
The 3"Fe Mossbauer spectra of the powdered UFeg 4Ge, &
sample were measured in transmission geometry (TMS) with a &
conventional constant-acceleration spectrometer, using a >’ Co- %
in-Rh standard source with a full width at half maximum ¢
(FWHM) of 0.22 mm/s. The temperature in the range of 4.3 — 9
300K was controlled using a variable-temperature insert in an %
Oxford Instruments Spectromag cryostat. The obtained TMS
spectra were analyzed using a least-squares fitting procedure %
to determine the parameters of the hyperfine interactions, such %
as the magnetic hyperfine field By, the isomer shift IS, the o7
quadrupole splitting OQS, the quadrupole shift for the mag- %
netic sextet €, the absorption spectral areas C, and the spectral
linewidths I'. The IS values presented in this paper refer to the
a-Fe standard at room temperature. 100

3. Results and Discussion

3.1. Crystal structure

The experimental XRD pattern of the >’ Fe-isotope-enriched
UFe( 40Ge, sample (Fig. 1) was readily indexed within the Fe-
deficient orthorhombic CeNiSi,-type structure, already solved
for that germanide [9], with a small addition of the tetrag-
onal paramagnetic UgFe;Geys phase [11]. (The presence ofior
that secondary phase was deliberately allowed, as discussed inio2
Ref. [9]). The Rietveld refinement of those two crystal struc-1os
tures, performed using the crystallographic data reported inios
Refs. [9] and [11], gave relative amounts of the two phases ofios
about 95 and 5 wt.%, respectively, indicating good quality ofios
the prepared sample. The elevated background due to iron flu-1o7
orescence could hide Bragg reflections from other secondaryios

2
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Figure 2: Temperature dependence of inverse magnetic susceptibility y~' of
UFep 40Gey; solid line is a fit of the modified Curie-Weiss law to the experi-
mental data (for details see the text). Upper inset: low temperature variation
of mass magnetization o measured in field-cooling regime; an arrow marks
the ferromagnetic ordering temperature 7c. Lower inset: o as a function of
increasing (open symbols) and decreasing (closed symbols) applied magnetic
field H.

phases (if present at all), but their amount would still be less
than 1 -2 wt%.

The refined cell parameters for UFe40Ge, are
a=4.07592) A, b =15.8107(7) A, and ¢ = 4.0379(2) A. These
values are somewhat closer to those reported by Henriques
et al. for a similar chemical composition (a = 4.083(5) A,
b = 15.805(5) A, and ¢ = 4.030(5) A[12]) than our previous
results reported for a polycrystalline sample with the initial
composition "UFeq 45Ge,’ (a = 4.0886(1) 10\, b =15.8339(3) 10\,
and ¢ = 4.0505(1) A), suggesting the existence of a small
homogeneity domain for the studied phase. Nevertheless,
the results show that the sample synthesized for the study
described in this paper is essentially identical to the previous
sample described in Ref. [9].

3.2. Magnetic properties

Fig. 2 shows results of the magnetic properties measure-
ments carried out for UFe( 49Ge,. As can be seen, above about
130 K the inverse magnetic susceptibility exhibits featureless
and slightly curvilinear behavior characteristic of paramagnets.
The experimental data can be easily described by the modified
Curie-Weiss law:

2

l“leff
+ x0, 1
T—6, X0 (1)

(T)—l
=3

where pi.q is the effective magnetic moment, 6, stands for the
Curie-Weiss temperature, and yo denotes temperature indepen-
dent Pauli-like contribution to the total magnetic susceptibility.
The least-squares fitting of Eq. (1) to the experimental data re-
sulted in the parameter values: u.g = 2.57(3) up, 6, = 23(2) K,
and yo = 8.6(5)x10™* emu/mol, being fully consistent with
those obtained previously for UFep3oGe, (uesr = 2.59us,
6, =30 K, and yo = 1X 10~* [9]). The so-estimated value of
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Uesr is lower than that expected for free U+ and U** ions (3.62
and 3.58 ug, respectively), but it is large enough to be attributed
mainly to the uranium ions. The observed discrepancy may be
due to partial delocalization of 5f electrons, magnetocrystalline
anisotropy or crystal field effects. The large and positive value
of 6, indicates the presence of predominantly ferromagnetic in-
teractions between the magnetic moments.

The pronounced Brillouin-like-shaped anomaly that is vis-
ible in the temperature variation of the magnetization, o (T),
at about 37 K (see the upper inset to Fig.2) manifests ferro-
magnetic ordering of UFe( 40Ge,, being in full agreement with
our previous finding [9]. The field dependence of the magne-
tization, o(H), measured at the lowest temperature studied, i.e.
1.8 K (see the lower inset to Fig.2) confirms the ferromagnetic
character of the ordering. In the highest field o reaches a value
of 8.83 emu/g, which corresponds to the ordered magnetic mo-
ment of about 0.64 up. It is close to the value reported for
UNi39Ge, [9] and is within the range of values observed for
uranium intermetallics.

The above findings show that the magnetic properties of the
sample used in the present study are well defined, and the
UFe,_,Ge; system under study exhibits reproducible magnetic
properties.

3.3. TMS results

Selected TMS spectra measured for the UFe(49Ge, sample
are presented in Figs. 3 and 4. As can be seen, the spectra mea-
sured at T > 35 K (Fig. 3), corresponding approximately to the
paramagnetic region of the studied compound, can be described
using two paramagnetic components. The major one, with the
relative intensity of about 95%, is a well-resolved symmetric
doublet. Given the XRD results described in Sec.3.1 as well
as in Ref. [9], this component can be ascribed to the compound's
UFe( 490Ge;, in which Fe atoms occupy a single crystallographice
site with symmetry lower than cubic. Deep in the magnetically+es
ordered region (Fig. 4), i.e. at T < 30 K, this component can noter
longer be described by the doublet, and it must be described by+es
a magnetic sextet with a small hyperfine field By =2.10(3) T, 160
3.39(1) T and 3.55(2) T for the spectra measured at 30K, 10 Kio
and 4.3 K, respectively. 171

The second, minor component of the deconvoluted TMS172
spectra, with relative intensity being close to 5%, cants
be described by a single line component (a singlet) withi+
IS =0.06(5) mm/s at 300 K. As can be seen in Figs. 3 and 4,175
this component remains a singlet at every other temperaturei7s
studied, thus showing the absence of a magnetic phase tran-177
sition at least down to 4.3 K. It can be attributed to the presence:s
of the impurity phase UgFe;Geyq (see Sec. 3.1 and Ref. [11]),17
which contains iron atoms and is known to remain paramag-1s
netic down to the lowest measured temperature. It should betsr
noted here that since the hyperfine parameters for the com-1s
pound UgFe;Ge,4 are not available in the literature, the assign-ss
ment of the singlet to the impurity phase is based on the XRD1s«
results (Sec. 3.1)) and the fact that TMS measurements per-s
formed for some other U-Fe-Ge ternaries revealed similar 1S
values at 300 K. In particular, IS at 300 K for U,Fe;Ge and
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Figure 3: TMS spectra of UFe(490Ge, measured at several temperatures from
the range 35—300 K and in zero applied magnetic field, fitted by a sum (black
curve) of one doublet and one singlet component (blue and red lines, respec-
tively). For details of the fits see the text.

UssFes_,Gess is -0.03 mmy/s [13] and 0.13 mm/s [14], respec-
tively.

The TMS spectra shown in Figs. 3 and 4 can alternatively
be described by only one component: an asymmetric doublet
at T > 35K or a Zeeman sextet below 35 K. It should be em-
phasized, however, that if one excludes the possibility of two
components in the measured spectra, then the asymetry of the
quadrupole doublet should be related to the preferred crystal
orientation of the sample or to the presence of the Goldanskii-
Karyagin effect [15, 16]. The first possibility is very unlikely
since the TMS measurements were made on a powdered poly-
crystalline sample. The second possibility (the Goldanskii-
Karyagin effect) is related to vibrational anistropy in the stud-
ied crystal. This effect is temperature dependent, so the spec-
tral asymmetry should decrease with decreasing temperature,
which is not the case. In Fig. 3 it is clearly seen that the shapes
of the spectra measured at 300 K and 35 K are almost identi-
cal, so the Goldanskii-Karyagin effect cannot be responsible for
the observed asymmetry of the quadrupole doublet. Taking the
above into account, it is more likely that the spectra shown in
Fig. 3 consist of two components rather than one doublet with
an asymmetry of unknown origin.

The IS (T) dependence obtained from the above fits to the
TMS spectra of UFe( 40Ge, are shown in Fig. 5(a). In general,
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Figure 4: TMS data collected for UFeg 40Ge, at several temperatures from
the magnetically ordered region and in zero applied magnetic field, fitted by a
sum (black line) of one sextet and one singlet component (blue and red curves,
respectively). FC marks the spectrum measured in zero magnetic field, after
cooling the sample in the field of 3 T. For details of the fits see the text.

the isomer shift is dependent on the s-electrons density and is
given by the relation [15]:
_An

IS = 7R (%) 1A - 1¥5(0)P]

5 2)

where Z is the nuclear charge of the Mossbauer absorber, e is
the elementary charge, R is the radius of the probe nucleus, 6R is
the difference between the radii in the ground and excited states,
and |[Pg(0)]> and [P5(0)]> are the s-electrons densities at the
probe nuclei in the source and absorber, respectively. At 300 K,
the IS parameter determined for the UFe( 40Ge, compound isies
equal to 0.238(4) mmy/s. This value lies between that reportediss
earlier for U3;Fe,Ge; (0.21(2) mmy/s) [17] and that found forzeo
UsFesGey (0.27(2) mm/s) [18], indicating a very similar elec-zo1
tron density at the iron nuclei in these three systems. 202
As expected from the second-order Doppler (SOD) effect,zs
the IS values obtained for UFe( 49Ge, increase concavely withzos
decreasing temperature. Since the second-order Doppler shiftzos
depends on the lattice vibrations of the Fe atoms, the IS (T)z0s
dependence can be expressed in terms of the Debye approxi-zo7
mation of the lattice vibrations as [15]: 208

209

IS(T) = IS(O) + ISSOD(T) N 210

s - kT (T i f@D/T dx 3z
- 2 Mc \®p/| Jo er—1’ 212

213

where /S (0) denotes the temperature-independent isomer shift,z14
M is the mass of the nuclei of the absorber (here: >’Fe), kgers

4
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Figure 5: Temperature variations of the IS (a) and QS (b) parameters derived
from the TMS spectra of UFe 40Ge,. Black curves are fits of Egs. (3) and (4)
to the experimental data shown in panels (a) and (b), respectively (for details
see the text).
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Figure 6: TMS spectrum of UFe40Ge, measured at 40K and in external

magnetic field of 3 T.

is the Boltzmann constant and c is the speed of light in vac-
uum. Fitting of Eq. 3 to the experimental IS (T) values gave
1S5 (0)=0.357(2) mm/s and ®p =434(23) K. Here, it should be
noted that @p determined from the TMS data is higher than the
corresponding value of @p = 257(5) K obtained from heat ca-
pacity measurements [9]. This discrepancy can be explained by
the fact that the Mossbauer spectroscopy is only sensitive to the
immediate neighbourhood of the Mdssbauer probe atom (3’ Fe)
and for this reason the estimated ®p values from the TMS spec-
tra should be treated as the local Debye temperature of the iron
sublattice.

The QS (T) dependence obtained from the TMS spectra of
UFe( 40Ge, are shown in Fig. 5(b). The observed quadrupole
splitting fully identify the presence of the electric field gra-
dient (EFG) which is mainly proportional to the asymmetric
charge distribution around the ’Fe nucleus. The QS param-
eter at 300 K is equal to 0.342(2) mm/s, which is comparable
to OS =0.32(2) mm/s reported previously for UsFe,Ge; [17].
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Since the structure of UsFe,Ge; can be seen as stacking of theass
UFeGe; and UGe; layers along the b-axis, the charge distribu-z7o
tion around the Fe nuclei in the U;Fe,;Ge; system should indeed
be similar to that observed in UFe( 49Ge,.

In many intermetallic systems, the QS (T") dependence can be
described by the empirical formula [19, 20]:

0S(T) = 0S(0)(1 - AT??),

where QS(0) is the value of QS at OK and A is a”
constant.  Fitting Eq. 4 to the experimental data yields™
05(0)=0.353(2) mm/s and A=6(1)x10"°K=/2. The deter-"
mined fitting parameters can be treated as material constants,””
since their physical meaning is not clearly defined. o

According to the results of our magnetic properties measure-""
ments (see Sec. 3.2 and Ref. [9]), the observed magnetic prop-zw3
erties of the UFe(49Ge, compound can be ascribed mainly 0™
the uranium ions. However, the appearance of the Zeeman sex-""
tets in the TMS spectra measured at T < 30 K may suggest that™
the Fe sublattice establishes long-range magnetic correlations™
below T¢c. This behavior is similar to that observed in other™
uranium-iron ferromagnets, e.g. UFe, [21], U,Fe;Ge [22] and
UsFe,Ge; [17]. In all of them, the Mdssbauer spectra collected”
below their magnetic ordering temperatures indicate the pres->
ence of small hyperfine field (Bys <5 T) at the >’Fe nuclei.

On the other hand, the magnetic 3’Fe spectra observed be-
low 35K may be due to the hyperfine magnetic field trans-**°
ferred from the ferromagnetically ordered uranium sites. To™'
shed more light on this problem, we measured the TMS spec->*
trum of UFe(4Ge, at 40K, which is slightly above T¢, and™®
in external magnetic field Bey =3 T, applied parallel to the®
propagation of the 7y radiation beam. As can be seen in**
Fig. 6, the collected spectrum reveals the presence of two Zee-**
man components that consist of four lines, since in such a*’
configuration the observed line intensity ratio for the sextet®®
should be 3:0:1:1:0:3 [16]. The first component, with a rel-**
ative intensity of 7(2)%, IS =0.13(2) mm/s and effective hy-**
perfine magnetic field B.g =2.8(2) T, can be attributed to the*”
impurity phase. The second, major component corresponds®®
to UFep40Ge, and can be described by the Zeeman sextet®®
with Beg =3.78(2) T, IS =0.333(7) mm/s and € = 0.01(4) mm/s.**
Since Bef = Bpr + Bext, the determined Beg =3.78(2) T con-**
firms that the iron atoms in UFe( 49Ge;, have a small magnetic®®
moment. Assuming that the hyperfine coupling constant for
intermetallic compounds is in the range from 10 T/ug to 15°®
T/ug [17, 22, 23], the hyperfine magnetic field By =0.78(2) T,**
obtained from the TMS spectrum measured for UFe( 40Ge, at®°
40K and in Bey =3 T, corresponds to the magnetic moment of*"
iron upe of about 0.05-0.08 ug. This estimated value of ug.*"
is comparable with pg. ~0.2 ug inferred from the Mdssbauer
spectra measurements carried out for UsFe,Ge; [17], and is
small compared to the effective magnetic moment found for
UFep.40Ge;. Thus, it does not change our conclusions about
the origin of magnetism in the latter compound (see Sec. 3.2%°
and Ref. [9]).

The values of the QS and e parameters obtained for the para-si
magnetic and magnetically ordered states of UFeg40Ge,, re-si7
spectively, can be used to determine the angle ¢ between Bygats

5

27
(4)272

3

285

289

307

313

314

and the principal axis V,, of the main electrical field gradient
(EFG). Using the commonly used formula [17, 24]:

1
)
and taking QS =0.353mm/s and €=0.08 mm/s, the angle
¢ =45.3° was obtained.

Finally, the TMS technique can be used to confirm or rule
out the formation of a ferromagnetic cluster-glass state in the
UFep40Ge; system [9]. For this purpose, we measured the
Mossbauer spectra of the compound at 4.3 K, that is, deep in
the magnetically ordered region, and in two different regimes.
The first measurement (denoted as ZFC in Fig. 4) was carried
out in zero applied magnetic field and after cooling the sam-
ple in zero external magnetic field. The second one (labelled
as FC in Fig. 4) was also performed in zero magnetic field, but
after cooling the sample in the external field of 3T, i.e. in the
nearly-saturated magnetization range.

For the ZFC spectrum, the sextet attributed to UFe(40Ge,
could be described by IS =0.353(4) mm/s, €=0.08(1) mm/s
and By =3.55(2) T while for FC, the hyperfine parameters
are IS =0.349(2) mm/s, €=0.08(1) mm/s and By =3.52(2) T.
Comparing these two sets of values, it can be seen that the two
spectra are virtually identical. Moreover, the line intensity ra-
tio estimated for both Zeeman sextets is close to 3:2:1:1:2:3.
This means that the magnetic domains in the sample cooled in
both the ZFC and FC regimes are randomly oriented, which is
expected for the TMS measurements performed on polycrys-
talline or powdered samples in the absence of an external mag-
netic field [16].

Let us now consider the expected response from the hypo-
thetical cluster-glass formation. In the FC regime, the sam-
ple was cooled down to 4.3 K in magnetic field applied par-
allel to the y-ray beam propagation. Again, in this configura-
tion, the observed line intensity ratio for the sextet should be
3:0:1:1:0:3 [16]. If we assume that below T, a ferromagnetic
cluster-glass state really forms, then in the FC regime the mag-
netic moments should be frozen at 4.3 K and aligned parallel
to the applied field. And then also the line intensity ratio for
the magnetic sextet in the FC spectrum should be close to the
3:0:1:1:0:3 mentioned above, not 3:2:1:1:2:3 as inferred from
the experimental spectrum. This means that the magnetic mo-
ments are already magnetically ordered within randomly ori-
ented domains, so the external magnetic field does not affect
their local arrangement. Thus, it can be concluded that no
behavior indicating the freezing of the magnetic moments (as
should be the case in cluster glass or spin glass) is observed,
and the compound UFe 49Ge, orders purely ferromagnetically
at Tc.

0S8 (Bcos*¢ — 1), 3)

4. Conclusions

We have measured the transmission Mdssbauer spectra on
a polycrystalline, >’ Fe-isotope-enriched sample of UFeg 49Ge;,
which has been positively verified for the crystal structure and
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magnetic properties described previously for UFe( 30Ge;. Anal-s7s
ysis of the collected TMS spectra have confirmed that the com-37
pound orders ferromagnetically below Tc of about 37 K, while”
they have shown no sign of the previously postulated forma-,,,
tion of magnetic glassy states. This suggests that the crystallo-szs
graphic disorder present in UFe;_,Ge, mainly affects the trans-°
port properties of the system rather than its magnetic groundZ::J
state. Further experiments, preferably performed on a single-,

crystalline sample, are needed to confirm this conclusion. 383
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UFe.40Ge; has been confirmed to order ferromagneticallybelowT. = 37 K.

The compound has been studied by Mdssbauer spectroscopy.

The experiments have confirmed that the ferromagnetism in UFeq4Ge; is purely
long-range in nature.

The hypothesis of a ferromagnetic cluster glass below T has been discarded.
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