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Quadrupole interactions at divalent and trivalent europium sites in several europium oxides
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The electric-quadrupole interactions at the Eu sites in Eu,CuQO,, EuBa,Cu;0,_,, EugSry VO, o,
Eu;V,0,, and Eu,VO, have been studied at room temperature with '*'Eu MGJssbauer spectroscopy.
Whereas Eu ions are found to be in trivalent oxidation state in all these oxides, they also occur con-
currently in the divalent state in Eu;V,0; and Eu,VO,. It is found that the quadrupole coupling con-
stant eV,,Q, is negative in all oxides studied here and in the literature, except Eu,CuO,. This is dis-

cussed

in terms of different contributions to the electric-field-gradient tensor.

The value

eV,,Q, = —18.032(134) mm/s found in Eu,VO, is, to our knowledge, the largest ever reported for di-

valent Eu ions on any Eu oxide system.

I. INTRODUCTION

The most common oxidation state of europium in euro-
pium oxides is the trivalent one, with the 4/°5s% — 'F,
electronic configuration. Europium also occurs in oxides
in the divalent oxidation state, with the 4755 — 85, ,
electronic configuration. These two oxidation states can
be unambiguously determined by *!Eu M&ssbauer spec-
troscopy (MS). This is due to the different shielding of
the closed shell s electrons by the 4f° and 4f’
configurations, which results in an increase of the s-
electron charge density at the center of the '*!Eu nucleus
in Eu®" oxides compared to the density in Eu?>* oxides."
This, in turn, induces a separation of about 14 mm/s be-
tween the Mossbauer absorption lines of divalent and
trivalent europium atoms, which is much greater than
the natural linewidth ' ,,=1.31 mm/s (Ref. 2), and thus
easily detectable.

Eu atoms in various oxides are located at crystallo-
graphic sites with point symmetries which imply the ex-
istence of an electric field gradient (EFG) tensor.® One
can thus expect the presence of an electric quadrupole in-
teraction between the EFG tensor and the known? elec-
tric quadrupole moment Q of the 'S'Eu Mdssbauer nu-
cleus. This interaction should be manifested in *'Eu
Madssbauer spectra, especially in the paramagnetic ones.
From fits of such spectra one can obtain the quadrupole
coupling constant eV,,Q, where V_, is the principal com-
ponent of the EFG tensor and e is the absolute value of
the charge of the electron, and also the asymmetry pa-
rameter 7.> As opposed to widely used zero-field 3'Fe
MS, *1Eu MS provides information on both the absolute
value and the sign of V,,. This is very important since
the knowledge of the experimental value of V,, is essen-
tial for testing* different theoretical models used to calcu-
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late ¥,,.5"7

For many oxides, eV, Q is small and contributes to
broadening of Eu’t or Eu?* lines in !'Eu Mdssbauer
spectra. Such spectra are therefore fitted to a single
Lorentzian line,* 7 from which the value of the isomer
shift & is extracted. Although one can unambiguously
determine the oxidation state of Eu atoms from such fits
because of the already mentioned large difference as com-
pared to I',, between the & values of divalent and
trivalent Eu ions, the valuable information on ¥V, is lost.
As has been shown in the literature,* and as will be also
demonstrated here, a careful analysis of paramagnetic
SIEu Mdssbauer spectra provides unambiguous informa-
tion on the small value of eV,,Q and 7. Furthermore, fits
with a single Lorentzian line of unresolved quadrupole in-
teraction give rise to errors in the values of 8.'% Al-
though such errors are of no importance for distinguish-
ing between Eu?" and Eu®* ions, they do hinder correct
interpretation of small variations of & within the same ox-
idation state in terms of variation of the electron charge
density at the *!Eu nucleus.

For most Eu oxides, Eu ions occur either as trivalent
or divalent. However, for some oxides, divalent and
trivalent ions are expected to be present concurrently.
For example, based upon their chemical formulas, it is ex-
pected'? that both Eu?" and Eu’" ions exist in Eu,VO,
and Eu,;V,0,. There is, however, no direct experimental
evidence to support this conjecture. It is the large
difference between the § values corresponding to Eu?*
and Eu’* which makes '*'Eu MS an ideal tool to resolve
such problems. Mixed metal niobates and tantalates of
general formula MIM32Eu,M3},0,, (M'=Na, K;
M?*=Ca, Sr, Ba, Eu; M*>=Nb, Ta), whose stoichiometry
and magnetic properties were interpreted assuming the
presence of only Eu?" ions,?® were shown'>'® by *'Eu
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MS to contain a substantial fraction of Eu>" ions.

To elucidate the problem of the quadrupole interaction
in oxides we present the results of >!Eu MS study of a
series of Eu oxides in which Eu atoms are located at crys-
tallographic sites with nonzero values of V,,. These re-
sults are compared with literature data and some general
characteristics of the hyperfine parameters in oxides are
found. The importance of various contributions to the
EFG tensor is discussed and the experimental data are in-
terpreted in terms of these contributions. Furthermore,
we show that in Eu,VO, and Eu;V,0; both divalent and
trivalent Eu ions coexist. The electric quadrupole cou-
pling constant of —18.032(134) mm/s found in Eu,VO,
is, to our knowledge, the largest constant ever observed
for Eu’" ions in any oxide studied so far.

II. EXPERIMENTAL

The polycrystalline oxides of composition Eu,VO,,
Eu;V,0, Eu,CuO,, and Euj¢Sry,VO, ¢ were syn-
thesized according to the procedure described in the
literature. %222 Eu,0,, V,0s, and V in the molecular
ratios corresponding to Eu,VO, and Eu,V,0, were mixed
and ground. The mixture was pressed into pellets in a ni-
trogen stream; the pellets were then heated in vacuum us-
ing an induction furnace at 1723 K for 2 h. The
Eu,CuO, oxide was prepared from a mixture of dried
Eu,0; and CuO, and was fired at 1273 K in air for 20 h.
A mixture of Eu,0;, SrO and V,0; corresponding to the
Eug ¢St 4, VO, ¢¢ 0xide was heated in vacuum at 1673 K
for 1 h. All the samples were allowed to cool slowly to
room temperature.

X-ray diffraction studies showed that the oxides were
single phase. The first three oxides have a tetragonal
crystal structure; and the fourth one, an orthorhombic
structure, which is in agreement with the literature
data, 19:21-23

Mossbauer measurements were conducted at room
temperature using the 21.53-keV transition in *!Eu. The
Mossbauer spectra were recorded with a Wissel II spec-
trometer, which was calibrated with an iron foil.?* A
sinusoidal reference signal was used, resulting in two
mirror-image spectra that were folded. A 100-mCi
151Sm(SmF,) source was used and the y rays were detect-
ed with a proportional counter. The average surface den-
sities of the four Mossbauer absorbers were respectively
19.6, 11.0, 16.3, and 11.9 mg Eu/cm?. The absorbers can
therefore be regarded as thin ones.??

III. RESULTS AND DISCUSSION

A. Oxidation state of Eu atoms

A 'S'Eu Méssbauer spectrum of Eu,CuO, is shown in
Fig. 1(a). At first glance it appears that the spectrum is a
single line. However, an inspection of the fit with a single
Lorentzian [Fig. 1(a)] shows that it does not properly de-
scribe the experimental spectrum. This is seen especially
clearly in the difference spectrum [Fig. 1(b)] which exhib-
its structure resulting from the failure of the single
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Lorentzian fit. Furthermore, the full linewidth at half
maximum I'" found for Eu,CuO, and other oxides (Table
I) is significantly broader than the linewidth of about 2.0
mm/s expected for a thin absorber and the '3!Sm(SmF;)
source (broadening of the source line is due to the noncu-
bic site at which '*!Sm nuclei are located in the SmF; ma-
trix and to other factors inherent in source preparation).

The broadening of I" obtained from single Lorentzian
fits of Eu®" lines of different oxides (Table I), which is
much larger than that expected from a finite absorber
thickness effect,?® is evidence for the presence of a non-
negligible quadrupole interaction. This interaction has
been taken into account by fitting the *'Eu MJssbauer
spectra using a full Hamiltonian method. The ratio
Rp=0,/Q, of the excited and ground-state quadrupole
moments was taken as 1.312.2

It is evident from Fig. 2(b) that the fit of the !*'Eu
Mossbauer spectrum of Eu,CuQ, assuming a nonzero
value of eV, Q, satisfactorily describes the shape of the
experimental spectrum. This is also seen in the lack of
any structure of the corresponding difference spectrum
[Fig. 2(c)] and a much lower value of ¥? as compared to
the value corresponding to a single Lorentzian fit (Table
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FIG. 1. (a) '*'Eu Médssbauer spectrum of Eu,CuO, at room
temperature. The solid line is a least-squares fit to a single
Lorentzian. (b) Difference between the experimental and fitted
spectra.
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I). Furthermore, the value of I' is now close to the value
expected for a thin absorber. A similar observation can
be made for other oxides studied here (Table I). For com-
parison, a '>'Eu Mdssbauer spectrum of a high-7,. super-
conductor EuBa,Cu;0,_, studied previously,* which has
been now refitted using the exact Hamiltonian method, is
shown in Fig. 2(a). The !'Eu Mdssbauer spectra of
Eug Sry 4 VO, o6 and Eu3V,0, are shown in Figs. 3(a) and
3(b), respectively.

The & value for Eu,CuQO, (Table I) proves that Eu ions
are trivalent in this oxide. This agrees with the results of
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FIG. 2. Room-temperature ''Eu Mdssbauer spectra of (a)
EuBa,Cu;0,_, and (b) Eu,CuO,. The solid line is a least-
squares fit assuming a nonzero quadrupole interaction. (c)
Difference between the experimental and fitted spectra shown in
(b).
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FIG. 3. Room-temperature '*!Eu Mdssbauer spectra of (a)
Eug ¢Sr4VO, 96 and (b) Eu3V,0,. The solid line is a least-
squares fit assuming a nonzero quadrupole interaction.
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FIG. 4. '"'Eu Médssbauer spectrum of Eu;V,0; at room tem-
perature. The solid line is a least-squares fit with two quadru-
pole subspectra, which are also shown, corresponding to di-
valent and trivalent Eu ions.
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TABLE 1. Room-temperature ''Eu Mdssbauer hyperfine parameters of oxides. The values of § are given relative to the source.
x? is defined as [Z_ (pFPt—ypfheor)2 /yexpt] /(k —m), where k and m are, respectively, the number of experimental points and the

number of fitted parameters.

Oxide 8 (mm/s) eV,,Q,(mm/s) 7 T (mm/s) x?

Eu,CuO, 0.866(2) 0 2.947(8) 2.55
0.852(3) 4.482(123) 0.67(5) 2.529(26) 1.05

Eug ¢S10.4VO, o6 0.410(5) 0* 3.097(22) 1.80
0.413(6) 5.817(106)° 1.00(6) 2.305(27) 1.12

EuBa,Cu;0,_, 0.744(3) 0 2.758(11) 2.49
0.761(5) —5.348(120) 0.82(4) 2.093(32) 1.00

0.795(5)° 0> 2.805(21)° 1.91

0.828(6)° —5.757(175)° 0.67(5)° 2.106(43)° 1.06

Eu,V,0, 0.589(5) 0 3.087(17) 2.35
0.635(5) —6.594(50) 0.60(6) 2.256(32) 1.02

—12.533(44) —13.168(402) 0.81(8) 2.080(101) 1.01

Eu,VO, 0.452(4) 0* 3.588(16) 5.68
0.536(5) —8.043(65) 0.49(2) 2.445(22) 1.49

—11.855(13) —18.032(134) 0.25(2) 2.173(28) 1.24

*Value fixed in the fit.
*The sign cannot be determined.
“Absorber at 4.2 K.
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FIG. 5. Room-temperature ''Eu Mgssbauer spectra of
Eu,VO, measured for a (a) large and (b) small velocity range.
The solid line is a least-squares computer fit with two quadru-
pole subspectra, which are also shown, corresponding to di-
valent and trivalent Eu ions.

careful measurements and analysis of magnetic suscepti-
bility of this oxide.?> Similarly, Eu ions in
Eug ¢Sty 4, VO, o are trivalent (Table I), which is in agree-
ment with susceptibility data.?’

It is evident from Fig. 3(b) and the value of § (Table I)
that Eu ions in Eu;V,0; are trivalent. However, as men-
tioned in the Introduction, one expects Eu atoms in this
oxide to be present also in the divalent oxidation state. A
151Ey M3ssbauer spectrum of this oxide remeasured for a
larger velocity range (Fig. 4) clearly shows the presence
of Eu?* ions with much larger magnitude of eV, Q, than
that of Eu®" ions (Table I). From the surface ratio of the
Eu?* and Eu’" components of the spectrum, and assum-
ing the same Debye-Waller factor for Eu’* and Eu®™,%3
we conclude that the fraction of the divalent Eu ions in
Eu;V,0,is 17.1(8)%. »

The >'Eu Mdssbauer spectrum of Eu,VO, [Fig. 5(a)]
clearly demonstrates the presence of both divalent and
trivalent Eu ions. The magnitude of eV,,Q, for Eu** is
substantially larger than that for Eu®™ (Table I). The
fraction of Eu?* ions in this oxide is 39.0(1.6)%. To ob-
tain a better resolution of the Eu®" component of the
S1gy  Mossbauer spectrum, it was remeasured for a
smaller velocity range [Fig. 5(b)].

B. Quadrupole interactions

It is clear from Table I that the values of y? corre-
sponding to the fits assuming eV,,Q,70 of Eu’" lines of
Mossbauer spectra of all oxides studied here are much
smaller than the values corresponding to the fits with
eV,,Q,=0. Furthermore, the I" values obtained from the
quadrupole fits are consistent with the values expected
for thin absorbers used in this study.?*> We thus conclude
that there is a small electric quadrupole interaction at
Eu’" sites in all the oxides studied here.
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The value of 8 corresponding to Eu3" ions increases
for the following sequence of oxides (Table I):
Euy ¢Sry 4 VO, o6, Eu,VO,, Eu;V,0,, EuBa,Cu;0,_,, and
Eu,CuO,. This means’ that the s electron charge density
at the Eu®" nuclei increases for this sequence of oxides.

The quadrupole coupling constant eV, Q, at Eu’" sites
is negative for Eu,VO,, Eu;V,0,, and EuBa,Cu;0,_,,
and positive for Eu,CuO, (Table I). Its sign cannot be
determined for Euy (St 4VO, o since for 7=1.0 (Table I)
the transitions lie symmetrically spaced around the cen-
troid of the Mdssbauer spectrum.?® For such a situation
the true value of & should coincide with the value ob-
tained from a single Lorentzian fit,2® which is indeed the
case (Table I).

Two of the studied oxides, Eu;V,0, and Eu,VO,, con-
tain Eu atoms which are in trivalent and divalent oxida-
tion states [Figs. 4 and 5(a), and Table I]. The more neg-
ative value of 8 for Eu?’* in Eu;V,0, than in Eu,VO,
means a lower s electron charge density at Eu>* nuclei in
the former than in the latter.

Eu intermetallic compounds which contain Eu atoms
in two oxidation states on crystallographically equivalent
sites usually are in an intermediate valence state.?’ Their
B1Eu Mossbauer spectra at low temperatures show Eu?*
and Eu®" lines. At room temperature, however, these
lines collapse to a single line whose value of § is the
weighted average of the & values of Eu?' and Eu®"
lines.?’” The fact that we observe at room temperature
two distinct Eu?* and Eu®™ lines [Figs. 4 and 5(a)] with &
values (Table I) characteristic for ionic Eu?*" and Eu®*
proves that these lines cannot be associated with a mixed
valence phenomenon, which would be most unusual to
occur in oxides. The individual integrity of Eu?>" and
Eu’" ions in EuyV,0, and Eu,VO, is thus puzzling. Its
origin is unknown and should be studied theoretically.
The only other Eu oxide system in which a similar in-
tegrity of the Eu?" and Eu’" ionic states was observed is
the system of mixed metal niobates and tantalates. '>13

The magnitude of the quadrupole coupling constant
found at Eu?" site in Eu,VO, (Table I) is the largest re-
ported to date for a divalent Eu ion in any oxide. A
larger magnitude of this constant [ —19.289(289) mm/s]
was found for trivalent Eu ions in Eu;Ti,0,.2® This can
be compared with the value of eV,,Q, (44-48 mm/s) re-
ported for Eu?' ions in stoichiometric and non-
stoichometric Eu, Rh;B;,?%3° which is the largest ever re-
ported for any Eu system.

In order to find out whether there are any common
features of the quadrupole interaction at Eu sites in ox-
ides, the literature values of eV,,Q, and the ranges of the
eV, 0, values for a given oxide series, measured in
different oxides are presented in Table II. Two charac-
teristics become evident. First, in most oxides of different
crystal structure, except three cases*>*® discussed below,
eV,,Q, is negative both for divalent and trivalent Eu ions.
Our results (Table I) support this general characteristic.
The positive sign of eV, Q, found in a Eu-Sc-Fe garnet
series’? may be due to the presence of some impurities in
the samples.*® Because of the small magnitude of
eV,,Q,, and consequently a small departure of the spec-
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trum from a single Lorentzian line shape, even a minute
fraction of Eu-containing impurity can influence the sign
of eV,,Q,. The presence of such an impurity is undoubt-
edly responsible for the positive sign of eV, o, reported*
for a high-T, superconductor EuBa,Cu;0,_, (Table II).
As was unambiguously shown in several studies®**** (see
also Table I), this sign is negative. As indicated above,
the sign of eV, Q, for Euy ¢Sry 4VO, g4 could not be deter-
mined since 7=1.0 (Table I).?® The only oxide with posi-
tive eV, Q, is Eu,CuOy, and possible reasons for this are
discussed below. Second, the temperature change of
magnitude of eV,,Q, is small and negative®?%3542:43.45
(see also Table I) for temperatures below 300 K. Howev-
er, for temperatures above 300 K, this change was report-
ed to be small and positive. 2

Any component ¥V;; of the EFG tensor at an Eu nu-

ij
clear site in an oxide may be written as*’

Vij= V'i(jl)_|_ Viljgtt_i_ I/i(jZ) , (1)

where I/i(j-k’ is due to the 4f configuration in kth order
perturbation theory and V,-lj’“ is the lattice contribution.

TABLE II. Room-temperature values of eV,,Q, in trivalent
and divalent Eu oxides and the range of eV,,Q, values in oxide
series.

Oxide eV, Q. (mm/s) Ref.
Trivalent Eu
Eu3Fe;O, —13.82° 31
Eu;_,Sc,, ,Fe;0, 424 +4.73° 32
Eu,Ti,0, —16.01 10
Eu,Z,03,
Z =Ti,Ru,Ir,Mo, —4.61 +—19.29 28

Sn,Zr,Pb,Pt,Hf
Eu,SrFe,0, —11.2°¢ 33
EuMO;,

M =Cr,Mn,Fe,Co,Sc —5.59 =—7.19 34,35
EuFe; 5Coy 503 —6.79 36
EuFe, sCrp 503 —7.23 37
EuRO;,

R =Gd,Dy,Ho,Er,Yb,Lu,

Tm,Tb,Sm,Nd,Pr —4.83 ~—8.95 38,39
EuCeO; 5 —4.79 39
Euy ,R 3 FeO,, —6.02 +~—6.96 40
R =Lr,Sm,Gd,Tb,Dy,Ho,Er,

Tm,Yb,Lu
EuFe sM, 5,03,

M =Sc¢,Cr,Mn,Co —6.94 ——8.20 40

(Eu, Y;_,)o.3Bag /CuO; —3.40 +—7.40 41

EuBa,Cu;0;_, —4.35 42
—5.35¢ 42

5.9¢ 43

—4.46 44

Divalent Eu

Eu,TiO, —10.88 45

Eu,Ti,0, —9.21 45

2At 81 K.

*At 77 K.

°At 85 K.

At 4.2 K.
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The lattice contribution is due to the charge distribution
of the surrounding ions in the crystal lattice. It does not
depend on temperature if lattice expansion is negligible.
For Eu®' ions with the ’F, ground state, there is no
first-order 4f contribution. However, since the excited
states 'F; and 'F, lie relatively low above the ground
state, there is a significant second-order 4f contribution
to the EFG tensor, which is weakly temperature depen-
dent. For Eu®" ions with the 85, ,, ground state, the lat-
tice term is the only appreciable contribution.

A compilation of literature calculations, based on a
point-charge model, of the lattice contribution to eV, Q,
for Eu?™ and Eu’?" in oxides of different crystal struc-
tures is presented in Table III. It is evident that, in-
dependent of crystal structure of an oxide, the lattice
contribution is negative. Thus, the lattice contribution
accounts for the negative sign of eV,,Q, determined ex-
perimentally (Tables I and II). The point-charge model
calculations for divalent Eu ions (Table III) account
reasonably well for the order of magnitude of the experi-
mental eV,,Q, (Table II), in spite of limitations inherent
to such calculations.**® For trivalent Eu ions, apart
from the lattice contribution, one also has to calculate
the second-order 4f contribution. Calculations of the
latter, which are more complex, require information on
crystal field parameters for a given oxide,*3** which
are often not available. Such calculations show3>3* that
eV ?)Q, is positive and equal in magnitude to about half
of eV ng_zs,34 It may thus be concluded that in all ox-
ides considered here (Tables I and II), except Eu,CuO,
(Table I), the experimentally determined negative sign of
eV, Q, for trivalent Eu ions reflects the expected larger
lattice contribution to the EFG tensor rather than of the
second-order 4f contribution. The positive sign of
eV,,Q, in Eu,CuO, is most probably due either to the
stronger eV?'Q, contribution than the eV}2"Q, contribu-
tion, or to an additional positive contribution whose ori-
gin is unknown.

IV. SUMMARY

ISTEy Mossbauer spectra of a series of Eu oxides were
measured at room temperature. Their analysis shows
that the sign of the electric quadrupole coupling constant
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TABLE III. Calculated lattice contribution eV2"Q, for
trivalent and divalent Eu ions in different oxides.
Oxide eV2'Q, (mm/s) Ref.
Trivalent Eu
Eu,Ti,0, —21.33 28
EUsz207 —19.69 28
Eu,SrFe,0, —21.08 33
EuFeO, —15.06 34
EuSrFeO, —18.5 48
Eu;_,Sc, 4, Fe;0, —11.16 ~—12.56* 32
—8.41 =—10.38" 32
EU3FC5012 —11.25% 49
—11.00°
Divalent Eu
Eu,TiO, —7.54 45
Eu,Ti,0, —6.62 45

*For the dipole}polarizability of oxygen a=1.0 A
*For a=0.1A".

eV,Q, at Eu’* and Eu’" sites is negative, except for
Eu,CuO, for which this constant is positive. The value
eV,,Q,=—18.032(134) mm/s found for Eu’** ions in
Eu,VO, is the largest reported to date for a divalent Eu
ion in any oxide. Divalent and trivalent Eu ions are
found to exist simultaneously at the same crystallograph-
ic sites in Eu,VO, and Eu3V,0,. The review of literature
data on the measured values of eV, Q, shows that this
constant is negative for all the oxides studied so far, ex-
cept the oxide Eu,CuO,. This general behavior is shown
to be due to the predominant negative lattice contribu-
tion to the EFG tensor. It is also found that for trivalent
Eu ions the magnitude of eV,,Q, decreases with tempera-
ture.
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