Pis’'ma v ZhETF, vol. 99, iss. 3, pp. 185189

© 2014 February 10

Coexistence of long range magnetic order and intervalent state of Eu in
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Experimental results of the X-ray absorption spectroscopy, Moéfibauer spectroscopy (isomer shift) and
neutron diffraction are presented for the series of EuCus(SizGei—z)2 polycrystalline samples (0 < x < 0.75).
Homogeneous intermediate valence state is established for Eu-ions as well as long range magnetically ordered
state at the temperatures below 10-15 K. Observation of the ordered magnetic moments at Eu site gives rise
to the experimental statement for the coexistence of valence fluctuations and long range magnetic order takes
place in the wide range of Ge concentrations for this substance.
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1. Introduction. The EuM>Xs (“122”) compounds
demonstrate a large variety of electronic and magnetic
ground states and unusual physical phenomena, which
are extensively studied over the last years. For instance,
the reentrance of the superconductivity developing on
the background of long-range magnetic order of Eu mo-
ments under external pressure occurs in EuFesAsy [1].
Moreover, the transition to the intermediate valence
state of Eu ions in this compound was observed in
the same pressure range [2] by X-ray absorption spec-
troscopy above Eu Ljs-edge. Another member of the
“122” family, EuNiysPs has been supposed to demon-
strate formation of a hybridization gap [3].

The EuCus(Si,Gei_;)2 family has been recently
shown to be of particular interest [4, 5]. The rare-earth
ion configuration changes from nearly integer valence
~2% (4f7) in EuCuzGes (magnetically ordered below
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Ty = 14K, with approximately full Eu?T magnetic mo-
ment determined from susceptibility measurements), to
a valence fluctuating (VF) state above x ~ 0.6. The d-
metal ions in this series of substance supposed not to
carry any magnetic moment at all. A striking feature of
the Ge-rich region is the possible coexistence of the mag-
netically ordered phase with VF, which is quite unusual
among f-electron compounds except few examples such
as certain thulium chalcogenides [6].

In our recent work [7] the dynamical magnetic
response of Eu f-electrons have been studied for
EuCus(Siz Gei_z)2 with > 0.6 which shows that VF
may exist in the concentration range of magnetically
ordered state. In the present work we focused on the
precise determination of the extent of valence instabil-
ity of Eu in the whole range of = along with establishing
of the long range magnetically ordered state by direct
neutron diffraction experiment at low temperatures for
0>z2>0.6.
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2. Sample preparation. Samples have been pre-
pared from high purity materials of Eu (99.99 %) and
Si, Ge, Cu (better than 99.99 %) by arc melting fol-
lowed by homogenization annealing at 800°C during
~500h. The quality of the samples was checked care-
fully using X-ray diffraction, AC susceptibility, and DC
magnetization measurements. X-ray diffraction analy-
sis revealed no impurity phases within the limits of
sensitivity. All compositions crystallize in the ThCrsSis
structure (body centered tetragonal with 2 chemical for-
mula unit per unit cell and parametric position (along
c-axis) for Si/Ge, space group I4/mmm). The lattice
constants and magnetic susceptibilities obtained were
in quite good agreement with data published in [5].

3. Experimental techniques. Eu valence has been
measured by X-ray Near Edge Structure (XANES)
spectroscopy above Eu Lsz-edge and Mofibauer spec-
troscopy, which provide the “fast” and “slow” fluctuating
time limits of speed of interconfigurational fluctuations.
The characteristic time of the Mofibauer spectroscopy
is about 10~8s that is much longer than corresponding
value for XANES (~107155).

XANES measurements in the temperature range 10—
300K have been carried out at the line Al of the
HASYLAB, DESY in transmission geometry. The Eu
valence was further accessed using '°'Eu MoBSbauer
spectroscopy, in particular using the isomer shift, which
gives insight in the electronic configuration of Eu.
I51Ey-MoBbauer spectra were recorded on a constant-
acceleration spectrometer using a 30-mCi '°'SmF;
source. The velocity calibration was performed with a-
Fe at room temperature utilizing a °”Co/Rh source. All
MoBbauer spectra discussed herein were obtained using
powder samples at room temperature and the extracted
isomer shifts are reported with reference to EuFs.

Three samples EuCug (Si, Gej—, )2 with = 0.0, 0.4,
0.6, which corresponds to the part of magnetic phase di-
agram with supposed ordered ground state, have been
studied by means magnetic neutron diffraction.

Taking into account large absorption cross section
(0aps = 4530 barn) of natural Eu, neutrons with rela-
tively short wavelength of 1.121 A (Ge (111) monochro-
mator) have been used in diffraction experiment on the
7C2 diffractometer with hot neutron source at the “Or-
phee” reactor at LLB (Saclay). This provides reasonable
level of the transmission for thin samples. The scatter-
ing angle range where the intensive peaks are observed
was 3.3° < 20 < 40° that correponds to the momentum
transfer range of 0.3 < Q@ < 3.8 A~!. In this scattering
angles range the transmission of the flat samples (thick-
ness of the order of 0.16 mm of bulk material) varied
from 0.75 to 0.72.

4. Experimental results. 4.1. X-ray absorption
data. XANES data for 0 < =z < 1 in the temper-
ature range 5 < T < 300K show the intermediate-
valence character of the f-electron state for Eu in
EuCus(SizGey_z)2. Selected Ls-edge absroption spec-
tra for the sample with maximum Ge-concentration

(x = 1) are presented in Fig.1. One can see clear
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Fig. 1. EuCu2Ges XANES spectrum at T'= 78 K

contribution from Eu®*t configuration signal along with
stronger one from Eu?*.

Resulted Eu valence determined from the present
and previous [7] XANES measurements are summarized
in Table 1. These values are consistent With ones re-
ported in earlier work by Fukuda et al. [8].

4.2. Isomer shift data. Isomer shifts have been mea-
sured for samples with x = 0.0, 0.4, 0.6, 0.75, 0.90 at
300 K. All Mé8bauer spectra are characterized by a sin-
gle spectral component. Isomer shift is in a good agree-
ment wih literature data for = 0.0 [9]. Basing on the
XANES data for average valence at = 0.6 and 0.9 [7]
we have converted the isomer shift to the valence values
for all compositions. The isomer shift data along with
corresponding valence values are shown in Table 1. For
concentrations x = 0 and 0.75 a good agreement with
data obtained by Eu Ls-edge XANES.

Joint analysis of XANES and MoBbauer iso-
mer shift spectroscopy shows that Eu valence in
EuCus(Si,Gei—,)2 system is homogeneous and higher
than 2+ in the whole range 0 < x < 0.9.

4.3. Neutron diffraction. Neutron diffraction experi-
ment has been carried out on the samples with = 0,

ITucema B 2KOTD 2014

ToM 99 BBII. 34



Coexistence of long range magnetic order. . .

187

Table 1

Valence of Eu in EuCuz(SizGe;_z)2 determined by XANES and Mé8bauer spectroscopy

Concentration | Valence by | Valence by | Isomer shift, Valence from
T XANES, XANES, T =300K scaling of isomer shift
T=10K T =300K mm/s to XANES data
0 2.20(1)*) 2.19(1) —9.8(1) 2.18(1)
0.4 —9.1(1) 2.24(1)
0.6 2.37(1) 2.28(1) —8.6(1) 2.28(1)
0.75 2.68(1) 2.35(1) —7.5(1) 2.37(1)
0.9 2.78(1) 2.52(1) —5.6(1) 2.52(1)

*)Data obtained at T' = 78 K.

0.4, and 0.6 for a number of temperatures in the range
4-50 K. Typical time for one temperature was 6 h.

The neutron diffraction patterns for the sample with
x = 0.6 measured at temperatures 5 and 25 K are shown
in Fig. 2a.
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Fig.2. (a) — Neutron diffraction patterns of
EuCus(SizGei—z)2, * = 0.6, measured at T = 5
and 25K. Incoming neutron wavelength \; = 1.121A.
(b) — The pure magnetic contribution at T = 5 K obtained
by subtraction of the data measured at T' = 25K (circles)
along with profile calculated by the Rietveld method
(line). The ticks below represent calculated positions of
the magnetic peaks

Appearance of additional magnetic peaks on cooling
clearly demonstrates the onset of the long range an-
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tiferromagnetic (AFM) order. The magnetic contribu-
tion to the diffraction patterns obtained as a difference
between the patterns measured in paramagnetic (25K)
and magnetically ordered phases, is shown in Fig. 2b.
For all samples, the magnetic signal looks similar. The
main distinction is the variation of the relative inten-
sity of the peaks located at 260 ~ 8.1° and 10.1° with
the increase of the Si concentration z. This means that
the symmetry of the magnetic structure is similar for
all samples under study but the orientation of the mag-
netic moments with respect to the crystallographic axes
changes with the x value.

We have performed the analysis of the magnetic con-
tribution to the diffraction patterns by the Rietveld
method. For all compositions (z = 0, 0.4, 0.6) we estab-
lished the antiferromagnetic state with a propagation
vector k = (1/3,0,0) and antiparallel orientation of Eu
magnetic moments located at positions 2a — (0,0, 0) and
(1/2,1/2,1/2) of the tetragonal crystal structure of the
I4/mmm symmetry.

For the EuCusGes and EuCusSig sGep o compounds
it was found that the Eu magnetic moment is located
in the (xy) planes. With an increase of the Si concen-
tration to x = 0.6, its reorientation towards the z-axis
occurs in EuCusSi; 2Geg s.

The obtained values of the Eu magnetic moment
components are listed in Table 2 along with the
corresponding values of R-factors. In the refinement
procedure, we found that the calculated intensity of
the magnetic peak (1,0,0) located at 9.9° is some-
what lower with respect to experimental one for the
EuCusSig sGep 2 sample for the best fit obtained (Ta-
ble 2). As the intensity of this peak strongly depends of
the orientation of the Eu magnetic moment, this may
indicate a presence of microscopic regions with some-
what different orientations of the magnetic moments in
EuCusSig.gGep .o sample, driven by local fluctuations of
the Si concentration within the sample volume.
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Table 2

Eu-ion static magnetic moment obtained from the diffraction data refinement by the Rietveld method at the
temperature T = 5K

X(EuCu2(SizGei—z)2) | Mz, u | My, ug | Mz, us | Miot, 1B R-factors
0.0: EuCusGes 3.1 6.7(1) R, =0.07
Rup = 0.09

0.4: EuGusSig.gGei .2 3.3 5.3(1) Rp =0.09
Rup = 0.12

0.6: EuCusSi; 2Geg.g 2.6 4.6 5.3(1) Rp =0.05
Rup = 0.07

One can see from Table 2 that the total magnetic
moment does not reach the full value of Eu?* (7.94up)
even for the sample without Si (z = 0).

The obtained magnetic moments in ordered state
demonstrate a temperature dependence specific for or-
der parameter. Temperature dependence of the Eu or-
dered magnetic moment for the EuCusSi; 2 Geq g, most
close to the instability concentration region of the mag-
netic phase diagram [5], is shown in the inset to Fig. 3.

Magnetic phase diagram
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Fig.3. Magnetic phase diagram for EuCuz(SizGei—z)2
based on the suggestion of [5]. Arrows and stars in-
dicate compositions of our samples and corresponding
T~ values determined in present work. Inset: tempera-
ture dependence of the Eu ordered magnetic moment for
FEuCu2Sii.2Geg.g sample and the corresponding fit by the
function M = Mo(1 — T/Tn)* (see text)

It was fitted by the function M = My(1 —T/Tn)* with
My =6.25(5)up, a = 0.60(3), and Ty = 17(1) K

Due to not high enough number of temperature
points in magnetically ordered state for other sam-
ples only estimations of the magnetic ordering tem-
peratures from neutron diffraction data were obtained,
Tn(x = 0) = 15K and Tn(z = 0.4) = 19K. Estima-

tions of the My are quite speculative and does not ex-
ceed the level of Tugp.

5. Discussion and conclusion. The results of
XANES and Mofbauer isomer shift spectroscopies in
EuCus(Siz Gei—z)2 show that in the wide range of Ge
for Si substitution the intervalent state of Eu does ex-
ist. The valence determined by both methods exceeds
the 2+ by 10-20 % that is far above the estimated un-
certainty of the methods used. This is in contradiction
with measurements [5] of susceptibility, which provide
values of the effective magnetic moment well above 7ug.
Nevertheless, measured valence is consistent with data
from diffraction presented in Table 2 which show the
deficit of the ordered magnetic moment of 25-30 % at
5K. It is necessary to note that determined here va-
lence of Eu in EuCusGes is not the extreme experimen-
tal value. In the same family RMsXs the pure 2+ state
defined by Ls-edge spectroscopy is realized for the Eu
ion for instance in Eu(FeCo)sAss [2]. Therefore with re-
spect to the EuCus(Si, Gej_; )2 discussed here, we make
conclusion that long range magnetic order exists in the
material which provide clear evidence of intervalent be-
haviour.

Neel temperatures obtained from diffraction (de-
noted by stars in Fig. 3) are in exellent correspondence
with the macroscopic data [5] used to draw a magnetic
phase diagram of the Fig.3. The star for x = 0.75
is obtained from analysis of our measurements at IN4
spectrometer [10] which have shown the absence of any
evidence of long range magnetic order down to the
2.5K contrary to the sample with x = 0.6 studied in
the present work. The colorized area in Fig.3 started
from Si concentration above x ~ 0.8 corresponds to
the developing of the “spin-gap” in the excitation spec-
tra at low temperature connected to the formation of
a singlet ground state for Eu-ion. This spin-gap-type of
the ground state has been established in neutron spec-
troscopy study of the series of EuCus(Si,Gei_;)2 by
time-of-flight technique recently presented in [7].
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The coexistence of magnetic ordering and interme-
diate valence state appears to be a challenging mat-
ter, as well as cases of coexistence of superconductivity
with magnetic order, or coexistence of valence fluctu-
ations and superconductivity. Nevertheless, developing
of AFM long range ordering on the backgroung of va-
lence fluctuations (characterized by quite narrow width
of quasielastic signal at low temperature correspondig to
~ 0.1 THz frequency) has been fixed in 70th for binary
system TmSe [11, 12] and has been treated theoreti-
cally [13] as some kind of “phase memory” for spins of a
ground (degenerated) state of electronic shell.

Another approach to the problem has been presented
in publication [14]. Authors suggest hypotetical phase
diagram which relates the T with the strength of the
hybridization and calculated that it can have the depen-
dence with maximum near the instability region very
similar to experimental one suggested in [5] (naturally
to suppose that increase of Si-concentration results in
increase of hybridization) and confirmed by present di-
rect measurements of long range order.

Concerning the magnetic structure determined in
our study it looks like not too much complicated being
commensurate with atomic structure. In several avail-
able studies of magnetic structure of RMsXy systems
different type of commensurate and incommensurate
structures for Eu moments have been published [15-18]
which show not much difference from our refinement.

In summary, the main result of present work is the
clear indication of the coexistence of the intermediate
valent state of Eu ions in EuCus(Si;Gej_; )2 measured
by X-ray absorbtion spectroscopy and Méf8bauer isomer
shift with long range antiferromagnetic order defined
below TN by the neutron diffraction method. Physi-
cal microscopic background for coexistence of valence
fluctuations with AFM ordering could be examined by
detailed spectroscopic study of the parameters of spin
fluctuation state.
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