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%'e have investigated the magnetic properties of EuTiO, (T, = 5.3+ 0.2 K), Eu, TiO„
(Tc = 7.8+ 0.2 K), and Eu,Ti,O, (Tc = 8+ 0.3 K) with the technique of '"Eu Mossbauer
spectroscopy. The magnetic exchange constants of these substances were obtained from the spectra using

molecular-field theory and were interpreted in terms of 5d admixtures to the 4f wave functions of the
Eu'+ ion. In Eu,Ti,O, we have found two magnetic inequivalent sites, with diAerent temperature
dependence of the sublattice magnetization. The quadrupole moment ratio of the 2l.6-keV state to the
ground state of "'Eu was measured to be 1.34+ 0.03 using Eu,TiO„which has an axially symmetric
electric field gradient (g = 0) at the Eu sites. A calculation of the splitting of the admixed 5d
electronic levels and of the electric field gradient at the nucleus was performed by summing the lattice
contributions with the method of chargeless cluster. The results provided an interpretation of the
magnetic properties and of the nuclear quadrupole interaction in the substances studied.

I. INTRODUCTION

The magnetic properties of Eu~' compounds have
been the subject of many investigations ever since
EuQ w'as found to be ferromagnetic below "g0 K. '

The first known ternary compound of Eu~' be-
longing to the Eu-Ti-Q system was EuTiQ„and
a number of other compounds of this type were
identified in 1969 by McCarthy et al. , while study-
ing the phase relations of the Eu-Ti-Q system.

In the present paper we discuss the magnetic
properties of EuTiQ3, Eu~Ti04, and Eu3Ti~07. We
shall also report some studies on a solid solution
EuTiO„(2. 5 —x —2).

These substances were investigated with the
technique of Mossbauer spectroscopy, using the
21.6-keV y rays of ' 'Eu. Since spin relaxation
times are short in concentrated samples, we as-
sumed that the hyperfine fields H„„obtained from
the spectra, had the same temperature dependence
as the sublattice magnetization; and, since the
Mossbauer effect is a microscopic probe, we
were then able to follow the sublattice magnetiza-
tions of several inequivalent sites. From the tem-
perature dependence of the sublattice magnetiza-
tions, we could derive the value of the correspond-
ing magnetic exchange constants.

We have also determined the quadrupole moment
ratio R = Q, (21.6 keV)/qo of the '~'Eu nucleus us-
ing samples of Eu~Ti04, which have a convenient
transition temperature a.nd an axially symmetrical
electric field gradient (EFG) tensor.

Il. CRYSTAL STRUCTURE AND MAGNETIC INTERACTIONS

EuTi03 crystallizes with a cubic perovskite
structure with a lattice parameter of 3.90 A

(Fig. 1). ' The magnetic Eu' site is cubic.
X-ray studies have shown that the oxygen-de-

ficient solid solutions EuTiO„(2. 5 ~ x ~ 2) have the
same cell parameter (3.9 A) for the entire range
of x and have given no evidence of distortion from
cubic symmetry.

The crystal structure of EuaTi04 is of K,NiF,
type with space group D4'„(E4/mmm) (Fig. 1).
The tetragonal unit cell with cell parameters~ a
= 3.883 A and c =12.523 A contains two formula
units. An important feature of the Eu~' point sym-
metry is the presence of a fourfold rotation axis
(c axis).

Eu, TizO, with space group D4„= I4/mmm, cell
parameters3 a = 3.90 A and c = 20. 28 A, can be
visualized as composed of alternate layers of
EuTiO~ and Eu2TiO~ (Fig. 1). There are two non-
equivalent Eu ' sites with the same local environ-
ment as in Eu Ti04 and EuTi03 (EuaTi04 site and
EuTi03 site). The EuzTiO, sites are twice as
many as the EuTiQ~ sites.

In the analysis of the magnetic properties of
EuTi03, Eu Ti04, and Eu3Ti307, only nearest
neighbor (nn) and next nearest neighbor (nnn) were
considered, within the framework of the molecular-
field theory.

The nn's are at a distance of about 3.9 A and the
nnn's are at a distance of about 5. 5 A in all these
compounds. The magnetic interaction is direct
for nn, and indirect, via superexchange through
the 02 ions for nnn, as shown in Fig. 1 and Table
I. In Eu~Ti04 and Eu,Ti20„ there are more than
one type of nn and nnn exchange interactions; there-
fore double-indexed Zs are used.

The Eua' free ion with a. 4f electronic config-
uration is in a spherically symmetric $7&& state.
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ln a solid, the highly localized 4f wave functions
have little overlay with the neighboring Eu~' ions;
4f exchange, which favors antiferromagnetism,
is then expected to contribute only very weakly to
magnetic ordering. 4 In order to explain the finding
of many ferromagnetic materials with high T~,
we must consider the effect of small admixtures of
5d wave functions to the 4f state. Such admixtures
mere previously introduced'6 for the interpretation
of oytical proyerties. 4'~

According to this view, the dominant interaction
for direct exchange has the form'

eg
/

/
/

/

/

/

I IOPql

2g

t2g
I

,
) I IOPqI

/
/

eg
/ I

I

EITiO3

I3z -r )

dtntra Q/Uz

where g'"" is the intra-atomic exchange parameter
between the 4f and 5d wave functions of Euz',

roughly unchanged for different compounds, ~ 5 is
the transfer integral which depends uyon the dis-
tance of separation, and U is the excitation energy
from the 4f level to those 5d sublevels which have
orbitals pointing toward the nn Eua' ions.

Since for all the substances in which we are in-
terested the separation distance is approximately
the same, we mill neglect the variation of b. Fur-
thermore, since the 5d 4f ener-gy difference av-
eraged over the 5d sublevels can be assumed to be
the same for different compounds (U0=3. 5 eV),
we can write

FIG. 2. Schematic M crystal-field splitting of EuO,
EuLiH3, EuTi03, and Eu2Ti04.

The case of tetragonal symmetry, with only tmo

of the five 5d levels degenerate (ixz) and Iyz)),
mi1.1 be discussed in connection with Eu~Ti04 and

Eu3T@QV.
The indirect suyerexchange betmeen nnn Eu2'

ions, mhich also involves 5d admixture, is much
more complicated than the direct exchange men-
tioned above. However, since the superexchange
in Eu~' compounds is usually not of large magni-
tude, ~' we shall assume that it is the same in
E~TiO4, Eu3Ti20, as in EuTi03.

Uo+ (2)
III. EXPERIMENTAL

where n, , (i =1-5) depends upon the splitting of the
5d levels (Fig. 2); with the understanding that only
those sublevels i with lobes in the direction of the
nn Eu ' are of interest for the exchange interaction.

For example, for cubic point symmetry at the
Euz' site, i assumes two valises: i = tzr (triplet
Ixy ), lyz )) and i = e, (doublet Ix'-y'), I

Sz' —y')).
The t~ states, which have lobes in the (110) crys-
tal direction, are of interest for the exchange in-
teraction when the Eu~' form a face-centered cubic
lattice; and the t.~ states, mhich have lobes in the
(100) direction, are of interest when the Euz' form
a simple cubic lattice.

I et us nom define the cubic crystal-field split-
ting 10' to have the sign

10Dq =E,
~

—E, .
Then, for face-centered-cubic lattices, such as
EuO and EuS, for which the t lobes point towards
the nn Eu~', we can write

In the Mossbauer apparatus, the ' 'SrnaO3 source
emitting the 21.6-keV z rays mas maintained at
room temperature. The source velocity was cali-
brated by the six-line spectrum of &-Fe303 using
a 'Co source attached to the opposite end of the
drive rod.

The powder samples of EuTiO„Eu, TiO„and
Eu3TqO, were produced by heating proper pro-
portions of TiOz-, EuzQ3-, and Ti-metal powder at
1400 'C. Phase identification was carried out by
x-ray powder diffraction. All absorbers con-
tained 15-20 mg/cm of material.

For the measurements at T~4. 2 K, the ab-
sorbers mere immersed in liquid helium. The
pressure above the liquid-helium bath mas con-
trolled by a manostat capable of maintaining the
bath temperature to better than 0.05 K. For 7
& 4.2 K, the samples mere heated above liquid-
helium temperature by a temperature controller
with a stability of about 0.1 K.

U = U, +-'.(10f)r/), (4) IV. EuTio„

U= Uo —5 (10f)r/) . (5)

and for simple cubic lattices, such as EuTiQ3 and

EuLiH„ for which the lobes pointing to the nn Eu~'

are e~, we have

A. Mossbauer spectra of EuTio„{2.68 »«x «» 3)

'tIIIfe have measured the Mossbauer spectra of
EuTiO„for x=2. 68, 2. 70, 2. 80, 2. 85, 2. 87, 2. 91,
2. 93, 2. 97, and 3 at the temperatures of 300, 4. 2,
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T„= „(-8Z,+ Iu, ) = 5. 5 K,2S(S+1)

e, = (8Z, +In, ) =3.8 K,2S(S+ 1)

where 0 is the Boltzmann constant and 8=+~ for
Eu '. One obtains 3

J,/k =-0.014 K,
(7)

J2/k =+0.037 K .
The value of 4,/k is very much smaller than that of
EuO (-0.75 K)' and EuS (-0.2 K)' despite the fact
that the nn distance in EuTi03 (3.9 A) is between
that of EuO (3.63 A) and EuS (4. 2 A). Further-
more, our recent studies have shown that EuLiH3

[which has the same perovskite structure and s.m-
ilar lattice constant (3.79 A) as that of EuTiO,
(3.90 A)] is ferromagnetic with a high Tc = 37. 6 K
with Z, /k -0. 8 K and Zz/k -0 K. '4

The difference between the values of J, in these
substances cannot depend on the difference of nn
distances —which are practically the same in aIl
cases —but can be attributed to variations in crys-
tal-field splitting, according to Eqs. (1), (3), and

(5) and to Fig. 2. In fact, if the 10Dq of EuTiO3
were smaller than that of EuO, EuS, and
EuLiH» ' the value of U would be larger and that
of J~ would be smaller, as observed.

Unfortunately, this explanation cannot be tested
by direct comparison with experiment because the
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10Dq of EuTi03 has not been measured. For a the-
oretical test, we have computed the 10Dq of all the
above substances, using an infinite lattice point-
charge model (dipole terms do not contribute be-
cause of inversion symmetry). The results'8 ob-
tained with this model support this suggestion,
since the calculated l lODqI for EuTiO3 is indeed
an order of magnitude smaller than the IlODql of
the other compounds.

V. Eu2TiOz

A. Quadrupole splitting in Eu2 TiO&

Mossbauer spectra of EuzTi04 were measured at
300, VV, 8.1, V. 5, 5.V, 4. 2, 3.6, 3.2, 2. 5, and
2. 2 K. Typical results are shown in Fig. 4. The
weak peak near zero velocity shows the presence
of about 4/~ Eu ' impurity in our sample.

At 300 and VV K, the spectra can be interpreted
in terms of pure quadrupole effects. Since the
Eu ' site has fourfold symmetry, the EFG asym-
metry parameter q is zero, and the ~ axis of the
EFG is in the direction of the crystal e axis. %e
can thus use the Hamiltonian

)
[3f', -f(f+1)],

where eq = V„ is the EFG component along the four-
fold c axis, eQ is the nuclear quadrupole moment,
and I the nuclear spin.

At low temperatures, one observes the effect of
a hyperfine magnetic field, H&„which in general
has a different direction from the c axis. Then the
Hamiltonian can be approximately written as ~

(
"'

)
~31m-f(f+1)1 g VNHmf*-~'

where q„, = q(3cos 8 —1)/2 and 8 is the angle be-
tween H„, and e axis. q,« is equal to q when 8 is
equal to zero and smaller otherwise.

The data for T ~ 4. 2 K were fitted using Eq. (9)
in terms of the parameters H„„eq,fggo 8 Q]/Qo
and amplitude, FWHM, and isomer shift for Eu '
and Eu '. %'e obtained in this manner

within the experimental errors, we can say that
q q f f independent of temperature, as expected
for a pure lattice contribution. Using the value
Qo=(1. 14+0.05)xl03' cm, we obtain q=q, «
= (- 4. 75 + 0. 2) x 10 ' cm '.

The isomer shift relative to EuzO3 at room tem-
perature is —12.8+0. 1 mm/sec " for Eu ' and re-
mains constant, within the experimental error
throughout the temperature range in this work.
The extrapolated zero-degree hyperfine field is
305 +3 kOe.

Since the Eu ' ion, neglecting d admixture, is
spherically symmetrical, the lattice contribution
to the EFG at the nucleus should be predominant.
Thus, we have attempted to compute the lattice
contribution to the parameter q by performing a,

lattice sum. The contribution from 5d admixture
can be estimated to be small, and covalency ef-
fects, which are difficult to evaluate have been en-
tirely neglected. The basic formula is simply

q, , = (1 —y„)q„,= {1—y„)P e,.(3z~ —r'/r5),' '
(ll)

where y„= —80 is the antishielding factor, ~3 and

(x„y,, z,-) are the coordinates of the charge e,.
with respect to the position where EFG is being
calculated. The summation should include all ions
in a macroscopic crystal, but one hopes that, in
practice, it will converge rapidly to the infinite
lattice value when a fairly large number of ions are
included. Using the conventional method of cal-
culating contributions from ions inside la,rger and
larger spheres, we found no rapid convergence;
however, rapid convergence was obtained with the
method of chargeless clusters ' which employs
clusters of neutral unit cells with centers within
the sphere. The calculated value was q,~, = —3.3
x 10 ' cm", comparable to the measured value of
q = —4. V5~10 cm 3. The agreement also confirms
that the small 5d admixture and covalency are
probably not of major importance.

e q~, @o= —190+ 5 MHz,

R = Qq/Qo = l. 34+ 0. 03 .
(10)

Our value of 8 is slightly larger than those re-
ported by Stachel et al. "(l. 28+ 0. 05) and Kalvius
et al. '9{1.30+0.05). However, our result should
be more reliable since these authors used com-
pounds with low symmetry at the Eu site (thus
qw 0), but assumed q = 0 in their analysis.

The spectra at 300 and VV K were fitted by Eq.
(8) with the parameter 8 fixed at the value l. 34,
found from the low-temperature results. %e ob-
tained in this manner e qgo = —189+2 MHz. Thus,

Eu&T(04 &T 2.2 K

-40 -30 -20 -l 0 (,Omm/sec 2Q

FIG. 5. Mossbauer spectra of Eu2Ti04 at 2. 2 K ~ith
and without a 2-kOe external magnetic field applied per-
pendicular to the p-rays direction.
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J21/k = 822/12 —Z2/k = 0.037 K. (13)

%'e have tried to estimate the relative impor-
tance of the nn exchange interaction assuming that
they are caused by 5d admixture. For this we have
computed the 5d crystal-field splittings under te-
tragonal symmetry using the infinite lattice point-
charge model, with the results shown in Fig. 2.

B. Magnetic properties of Eu, Ti04

Since all the spectra of Eu2TiQ4 could be satis-
factorily fitted with lines of narrow width of about
2. 6 mm/sec, we can assume that the measured
hyperfine fields are proportional to the magnetiza-
tion. The ordering temperature of Eu2TiO4 was
found to be 7. 8 + 0.2 K.

From the expected temperature independence of
the EFG, and the experimental results q=q, «, we
conclude that the magnetic ordering of Eu2TiO, is
collinear, with the ma.gnetization along the t." axis.

It was al.so found that an external applied mag-
netic field of 2 kOe reduces the e q,«QO vahle at
low temperatures from —190 to —80 MHz (Fig. 5).
Since this weak applied field was sufficient to
change the direction of magnetization away from
the randomly oriented c axes of our powder sam-
ple, Eu2Ti04 is likely to be ferromagnetic. Bulk
magnetic measurements performed on the same
sample used in the Mossbauer studies have in fact
confirmed that Eu2Ti04 is ferromagnetic with

c=9+2 K and ec=lO+2
From Table I, using molecular-field theory, one

has

2S(S+1)
TC eC (4 ~11+ 4 ~12 + ~12 + 4 ~21 + 4 ~22)

(12)

%e shall a,ssume that the nnn interactions are the
same as for EuTlQg. Thus

Notice that the over-all splitting in Eu,Ti04 is much
larger than that of EuTi02. Since the 132 —r )
state is high, one expects that

Then from E11. (12) we obtain

(4„+Z,2)/& =0. 11 K . (15)

Furthermore, it is likely that Jy2 ~ Jgg since the
connecting 5d state is lower in energy and the nn

separation is shorter for J,2. It is interesting to
note that J12 of Eu2Tl04 ls much larger than J~ of
EuTi03, consistent with the difference in the 5d
crystal splitting (Fig. 2).

Vl. Eu3Ti, O,

A. Mossbauer spectra of Eu3 Ti20,

The Mossbauer spectrum of EusTi207 at 2. 3 K
is shown in Fig. 6. The spectrum wa, s fitted can-
sidering that there are two inequivalent sites of
Eu ' and some Eu ' impurity. The Eu2Ti04 site
of tetragonal symmetry (1) =0) has evident 1luadru-
pole interaction and the EuTiQ3 site has negligible
quadrupole splitting, the Eue' impurity contributes
a single I orentzian peak. The best fit was ob-
tained for a, ratio of about 2/1 of Eu2TiO, sites to
EuTi03 sites, consistent with the crystal structure,
assuming both sites have the same Debye tempera-
ture.

The isomer shifts (i.s. ) of the two sites have
very different values as can be seen in Fig. 6. The
i. s. values at 2. 3 K are —12.6+0. 2 mm/sec
(Eu2Ti04 site) and (EuTi02 site) —13.8 + 0. 2 mm/
sec, 2' which are similar to the values for Eu2&iO4
and EuTiQ3, respectively.

The measured e qeff@0 = —150 +10 MHz for the
Eu2Ti04 sites at low temperatures is close to the

FIG. 6. Mossbauer spec-
trum of Eu3Ti&O& at 2. 3 K.

EU&T) z07

Eu2Ti04-S ITES

EIITio —S I TES3
Eu3 PEAK

-I 0
2

~ 0 mm]'sec
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EU~Ti207

—30 —20 —
I 0 0

FIG. 7. Mossbauer spectra of EusTi207 at 5.3, 6. 5,
and 7.5 K. The dotted curves indicate the Eu3' peaks.

The information about the nn's and the nnn's is
shown in Fig. 1 and in Table I. It should be em-
phasized that the geometrical arrangement of the
nn's and nnn's is the same as for Eu&TiQ4 and

EuTiQ3. The calculated 5d splittings are also sim-
ilar to those of EubTiO, and EuTiO, (Fig. 2).
Therefore, the exchange interactions can be ex-
pected to have nearly the same values as the cor-
responding ones in Enb Ti04 and EuTiO, [Egs. (7)
and (13)- (15)].

%'ith these values, a calculation of the free ener-
gy of EusTizQ~ at T = 0 using Heisenberg model and
assuming a collinear spin structure shows that fer-
romagnetic ordering has the lowest energy. " This
can be understood considering that the Eu~Ti04 lay-
er orders ferromagnetically because of the large
positive values of J~~+J,2, and that the antiferro-
magnetic tendency of EuTiO3 is overcome by the
large effective field produced by the Eu~TiQ4 sites
at the EuTiQ3 site.

Using the molecular-field theory, "the effective
fields at the EuTiOb sites (a sites) and EubT10b
sites (5 sites) can be written as 'b

value e q@o= —160+ 3 MHz at room temperature.
Therefore EusTi207 is also likely to have collinear
spin structure along the c axis. Using the charge-
less cluster method described in Sec. VA, we ob-
tained the calculated values of e'qgb (EuaTiOb site)
= —115 MHz and e qQb (EuTiOb site) = —5 MHz. The
former agrees with the measured value in magni-
tude and sign. The latter shows that the quadru-
pole interaction at the EuTiO, site should be un-
measurably small, in agreement with the good fit
obtained by using a pure magnetic Hamiltonian for
the site.

The extrapolated zero-degree hyperfine fields
for the two sites are similar to those of EuTiO, and

EuTi03, respectively. As the temperature is
raised, H~, (EuTiOb site) decreases more rapidly
than Hb, (EubTiO, site) as shown in Fig. 7. The re-
duced hyperfine fields of the two sites versus T are
shown in Fig. 8. As we have assumed the propor-
tionality between the hyperfine field and the sublat-
tice magnetization, the ordering temperature was
found to be 8 + 0.3 K.

H = (y o +yb(xb)+Hb
g'P g

2S
Hb (4a ca+ ~bb ob) +HO ygPa

where Ho is the external magnetic field, gJL(, ~$v,
and gp, ~Sr'~ are the average magnetic moment
of the two Eu ' sites, S = 7&, 0&a„o, ~1 are
the reduced magnetizations, y„ is the sum of
interactions at the g site due to a sites,
is the sum of interactions at the g site due to
b sites, etc. Referring to Fig. 1 and Table I,
one has 28

0,6—

8. Magnetic properties of Eu3 Ti207

Since only two hyperfine fields can be observed
in the spectra of Eu3Ti&Q~ at low temperatures, one
concludes that there are only two magnetically in-
equivalent sites in the magnetically ordered state.
The measured EFG indicates that the spin struc-
ture is most likely collinear along the c axis. The
magnetization of the Eu2TiQ4 sites has a normal
temperature dependence whereas that of EuTiQ3
sites is unusual (Fig. 8).

0,4—

0.2-

0.0
0 3 4

T(K)

FIG. 8. Temperature dependences of the reduced
magnetizations of the two inequivalent sites of Eu3Ti207.
The error in 0 is about 2% at low temperature and 5% at
high temperature. The solid curves are the molecular-
field theory results.
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Eqs. (7), (13), and (15), one obtains

y,/k =0. 1 K, y,a/0 =0.3 K, yaa/k =0. 59 K, (20)

and Tc =-7 K. This value is only slightly smaller
than the measured value of about 8 K. In order to
have better agreement with the experimental re-
sults, we adjust slightly to

y /0 = 0.1 K, y /k = 0.4 K, y /1 = 0.64 K, (21}

and Tc =8 K is obtained. The reduced sublattice
magnetization curves, calculated numerically for
the adjusted values of EII. (21) are shown in Fig.
8 together with the experimental results. The
agreement is satisfactory.

From Eq. (18) the inverse magnetic susceptibil-
ity ean be calculated as

(T, —e,)(T, —e,)c X T p ~ ()

II
II

I
I

I
(

I

I
I

/
/

I

/// I

a

II T|-= T+// (I

(I

I IG. 9. Inverse susceptibility of (a) Eu3Ti207 and (b)

typical case. The solid curves are the measurable part.

y' =4Jf+48'z,

y = 2ya, = 2(Zqa+4Za2},

4crff + 4cJf2 + 4cJPf p

and cr„cr~ can be obtained by solving the coupled
equations:

cr, =B~(gIasSH, /kT),

o'a =Bs(g p. sSHa/IaT) ~

Letting Ho = 0, the expression for the ordering tem-
perature Tc, can be obtained as

Tc=T, =
3~

6':+yaa+[(y..-yaa) +2y~ ]
28{S+1) 2 2 f/2

(19)
Using the values for EuTiO3 and Eu~TiO», from

T+ Tc

—,b...y..—[(y..-y.,)-.»..] ],2S(S + 1) 1

2S(S+1) 1
3 [2yaa+y aa2yaa] i

2S(S+1) 1e, = —[y,.+2y„+2y„] .

The 1/1 vs T relation for EuaTiaO„given by Eq.
(22) with the numerical values of T, and e, a de-
termined from EIl. (21), is plotted in Fig. 9(a),
From this figure we see that the ordering temper-
ature Tc, is very near 6~, a situation which is un-
common for typical ferrimagnet [Fig. 9(b)], but is
in agreement with the result of bulk magnetic mea-
surements which showed T~ = 8. 5 + 2 K and 0~ =- 9
~2K"

Ferrimagnets with positive exchange interaction
between inequivalent sites are uncommon. All
the indications we have show that EusTi207 is a
ferrimagnet with ferromagnetic ordering due to
y ~&{j.
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