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Rare earth orthoferrites R, _xCaxFe,_xSnxO, in which some of the iron ions are replaced by tin ions
are investigated by means of the Mossbauer effect. Strong magnetic fields Heff are observed at the
nuclei of the diamagnetic tin atoms. Heff is found to depend strongly on the atomic number of the
rare earth element. The field decreases by 100 kOe on changing from lanthanum orthoferrite to lute-
cium orthoferrite. The exchange integrals J in the molecular-field-theory approximation and high-
temperature-expansion-theory approximation are derived from the temperature dependence of the
effective magnetic fields at the iron and tin nuclei. The values of the critical parameters g and D

for substituted orthoferrites are also determined.

1. INTRODUCTION

RE CENTLY, great interest has been aroused by the
discovery of the effect of induction of strong magnetic
fields at diamagnetic-atom nuclei introduced into iron-
garnet!1~5) and iron-spinel!® " crystal lattices. In
such compounds, the diamagnetic and ferromagnetic
atoms are not neighbors but are separated by an inter-
mediate oxygen atom. There is therefore no direct in-
teraction here between the diamagnetic atom and the
ferromagnetic one, and all the spin polarization mech-
anisms that do not take spin transfer into account are
not very effective. At the same time, these compounds
are dielectrics, and spin transfer with the aid of the
conduction electrons is completely excluded here. The
mechanism of induction of magnetic fields at diamag-
netic atoms in such compounds is not yet clear.!® 963
At the same time, a study of similar effects can yield
interesting information concerning the delocalization of
the spin density in ferromagnetic dielectrics.

We report here investigations, with the aid of the
Mossbauer effect, of the magnetic fields at the nuclei
of diamagnetic tin atoms introduced into the crystal
lattices of rare-earth orthoferrites.

Unlike iron garnets and spinels, rare-earth orthofer-
rites are antiferromagnets with weak ferromagnet-
ism.t ] These are compounds with the general chemi-
cal formula RFeOs (where R is a rare-earth element
or yttrium), having an orthorhombic structure of the
type of the distorted perovskite structure.(!!! All the
iron ions are in crystallographically equivalent loca-
tions in an octahedral surrounding of oxygen ions, and
form two magnetic sublattices, the moments of which
are almost antiparallel. The magnetic structure of or-
thoferrites is such that each Fe®* ion is surrounded by
six Fe’* ions of the other sublattice. The Fe-O-Fe in-
direct exchange interaction is most favored here, since
the exchange-coupling angle is close to 180°,[ 2]

Our preliminary investigations of yttrium and gado-
linium orthoferrites'**J have shown that in this case a
strong magnetic field is likewise induced at the nuclei
of the diamagnetic tin ions. However, unlike the gar-
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nets, the magnitude of the induced field in orthoferrites
depends strongly on the rare-earth element.

We have investigated the Mossbauer effect on the nu-
clei Sn** and Fe" in the orthoferrites of practically all
rare-earth elements in a wide temperature interval
from 78°K to the Neel point.

2, EXPERIMENTAL PROCEDURE, SAMPLES

We synthesized polycrystalline samples of substi-
tuted orthoferrites, in which some of the iron ions were
replaced by tin ions: R, _xCaxFe; .xSnxO,. Here R =La,
Pr, Nd, Sm, Gd, Tb, Ho, Er, Yb, Lu and Y, and the val-
ue of x ranged from 0.05 to 0.3. All the samples were
enriched with Sn'*® and Fe*. The single-phase charac-
ter of the samples was monitored with the aid of a To-
shiba AFV-201 x-ray diffractometer. An x-ray analy-
sis has shown that all the synthesized compounds have
a distorted structure of the perovskite type and have
the same structure as the orthoferrite GdFeQs‘ 1!
(space group Ppnm). The unit-cell parameters a, b,
and c for compositions with x =0.1 are given in TableI
together with the parameters for the nonsubstituted or-
thoferrites RFeQs;.!'*! The values of a, b, and ¢ for
the substituted orthoferrites are somewhat larger than
for the pure compounds RFeOs. In a number of rare-
earth elements, the parameters a and ¢ decrease mon-
otonically with decreasing radius of the R** ion. The
parameter b varies little and has a blurred maximum
in the gadolinium region.

The Mossbauer absorption spectra of Sn*® and Fe”
were obtained with a spectrometer of the electrodynam-
ic type in the constant-acceleration regime. The spec-
tra were recorded in 256 channels of the LP-4050 mul-
tichannel analyzer. The y-quantum sources were Sn'*
in BaSnQ; and Co™ in a platinum matrix.

For measurements in the high-temperature region,
we constructed a special oven ensuring gradient-free
heating of the sample up to 1000 °C.** The tempera-
ture was measured with a chromel-alumel thermocou-
ple. The accuracy of the temperature stabilization and
the measurement was =0.5°,
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Table I. Lattice parameters (in &) and Neel

temperatures (in °K) for substituted and
nonsubstituted orthoferrites

Compound a b c T;v
LaFeOs 5,556 5.565 7.862 740
Lao,sCao,1Feo,sSn0,103 5.572 5.572 7.882 651
NdFeOs 5.441 5.573 7,753 687
Ndo,sCa0,1Fe0,6510,103 5.476 | 5.608 | 7.788 | 615
GdFeOs 5.346 5.616 7.668 657
Gdo,sCao,1Feo,eSno,103 5.380 5.632 7.708 583
TbFeOs 5.328 5.600 7.636 647
Tbo,sCa0,1Feo,95n0,103 5.366 5.618 7.684 —
YFeOs 5,302 5.589 7.622 640
Yo,sCao,1Fe0,9510,103 5,318 5.614 7,652 568
HoFeOs 5.278 5,591 7.602 639
Hoo,9Cao,1Feg,sSn0,103 5,322 5.614 7.656 —_
ErFeOs 5.263 5.582 7.591 636
Eno,sCao,1Feo,¢Snq,103 5.304 | 5.610 | 7,636 | 564
YbFeOs 5.233 5.557 7.570 627
Ybo,sCao,1Feo,sSn0,10s 5.276 5.590 7.624 —
LuFeOs 5.213 5.547 7.565 623
Luo,gCao,1Feo,9Sn0,103 5.262 5.580 7,620 | 555

*The values of Ty for the nonsubstituted orthoferrites were taken from ['¢].

3. EXPERIMENTAL RESULTS AND DISCUSSION
Low-temperature Region

Figure 1 shows the Mdssbauer spectrum of the Sn**
nuclei in the compound Nd, ¢5Cag .05 Feg.05500 0505 at
78°K. The figure shows a well resolved magnetic hyper-
fine line splittingsdue to the action of a strong effective
magnetic field (Haft = 217 kOe) on the Sn'*® nucleus. In
the spectra of the orthoferrites with a large content of
the Sn** ions, the Mdssbauer lines are broadened.

The temperature ‘dependence of HS% for different
orthoferrites with the composition R, 4Ca,_ ,Fe, ¢Sn, ,0,
is shown in Fig. 2. An interesting feature of this de-
pendence is that when the fields are extrapolated to

zero temperature, the values of HE}}(O °K) do not tend
to a single value, but remain essentially different for
different rare-earth elements. At the same time, the

effective magnetic fields H£§ at the iron nuclei at 0 °K,
differ slightly for the different orthoferrites (Fig. 3).
Figure 4 shows the dependence of the effective magnetic
field e% at 0 °K on the number of the rare-earth ele-

ment R. A strong decrease of Hzxflf (0 °K) is observed
in the series of rare-earth elements. The field de-
creases by 100 kOe on going from lanthanum to lutec-
ium.

It is known that in rare-earth orthoferrites the crys-
tal lattice becomes deformed with decreasing radius of
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the rare-earth ion. In an almost ideal cubic lattice, in
the case of lanthanum orthoferrite, rhombic distortions
appear, which increase on going to lutecium. It should
be noted that the Neel temperature of the rare-earth
orthoferrites decreases at the same time, in spite of
the fact that the parameters of the unit cell decrease
(see Table I).

Apparently, the lattice distortions are accompanied
by a change in the angle of the Fe-O-Fe (or Fe-0-Sn)
exchange coupling. This angle deviates from 180 ° and
becomes smaller the stronger the distortions.[®! The
indirect exchange interaction becomes weaker, and
therefore the Neel point drops. Apparently, the effec-

tive magnetic field He?f is also directly dependent on
the Fe-0-Sn exchange-coupling angle, a change of
which alters the overlap of the atomic orbitals of the
iron, oxygen, and tin,

According to theoretical calculations by Bersuker
and Ogurtsov,t®? the magnetic field at the nucleus of a
diamagnetic atom in such a system can be due to the
transfer of the spin density from the iron atom to the
tin atom. This transfer, in the MO LCAO approxima-
tion is due to hybridization of the s, p, and d electrons,
and should apparently depend on the degree of overlap
of the orbitals of these electrons.

High-temperature Region

From the temperature dependence of the effective
magnetic fields at the Sn'* nuclei, we determined the
Neel points of the investigated orthoferrites. The Neel
temperatures, determined from the vanishing of the
magnetic field at the Sn nucleus (see Fig. 2) are listed
in Table I. Special experiments, in which the M&ssbauer
effect was measured simultaneously on the two isotopes
Fe® and Sn'* in the same sample, have shown that the
magnetic fields at the iron and tin nuclei vanish simul-
taneously.

Using the experimental Neel temperatures Ty, we
estimated the parameters of the exchange interaction J
for our orthoferrites, using two methods, the molecular-
field theory and the Rushbrook and Wood method of high-
temperature expansion,t?”]

In the molecular-field theory, the exchange integral
for an antiferromagnet can be estimated from the rela-
tion

[J]|=3kTy/nS(S+1). (1)

Here k is Boltzmann’s constant, n the number of near-
est neighbors, and S the spin, equal to % for the Fe**
ions. The exchange integral |J| is determined by the
Hamiltonian 36 = +|J| E Si S]-, where each pair of near-
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FIG. 1. Mossbauer spectrum of Sn!!® nuclei in the orthoferrite
Ndo.05Ca0.05F€0.05Sn.0503 at 78°K.
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est magnetic atoms (i, j) appears in the sum only once.

In the orthoferrite structure, each magnetic Fe atom
has in his nearest surrounding six neighboring Fe at-
oms of the other sublattice. Therefore n =6 for the
pure (nonsubstituted) orthoferrite RFeO;. For an or-
thoferrite in which some of the iron ions are replaced
by diamagnetic ions, the estimate of the parameter J
becomes formally more complicated because the exact
value of n is not known. However, if the nonmagnetic
ions substitute uniformly the iron ions in the sublattices,
then this difficulty can be eliminated by introducing the
effective nearest-neighbor number neff, which depends
on the substitution. For R, _xCayFe, _xSnxO, ortho-
ferrites, we have neggf = (1— x)n. For example, for
x =0.1, i.e., when one-tenth of the iron ions is replaced
by tin ions, we have neff = 5.4.

Table II lists the exchange integrals calculated both
for substituted orthoferrites at x =0.1
(Ry.5Cay ,Fey oSn, ,O,, neff = 5.4) and for pure orthofer-
rites (RFeOs, n = 6). There is a surprising agreement
between the values obtained for J.

At the present time, the most direct approach to the
problem of magnetic phase transitions is the method of
high-temperature expansions developed by Rushbrook
and Wood.!" 1 In the theory of high-temperature ex-
pansions, for an antiferromagnet with a simple cubic
lattice, the relation between the exchange integral and
the Neel temperature is given by the expression!'"?

0,63

Ul 5
Ty=———((n—1)[118 — —_—_—
% 1oz T DIUSES 1) ”[1+ nS(S+ 1) ] @)
For a nonsubstituted orthoferrite (n =6 and S = %),
expression (2) reduces to

[7]/k = Tx/12.5512. (3)
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Table II. Values of the exchange integrals |J|/k,
(°K) for substituted and nonsubstituted orthofer-

rites
Molecular-field theory High-temperature-ex pansion
theory
R

RFe0, Ry,9Cag,1F€,9Sp,10s RFe0, Rg 9Cag,1Fey 9Sng 104

"=t Nefg = 5.4 "o nefy = 5.4
La 42.4 e 59.0 58.9
Nd 39.3 39,1 54.7 55.6
Gd 37.6 37.0 52.3 52.7
Y 36.6 36.1 51,0 51.3
Er 36.4 35.8 50.7 51.0
Lu 35.6 35.3 49.6 50.2

For substituted orthoferrites, R; - xCaxFe, - xSnxOs,
the exchange integral can be determined by introducing,
as before, the effective number of nearest neighbors
neff. Then for x =0.1, neff = 5.4 and S =% expression
(2) reduces to

|7]/k = Tx/11.0593. (4)

The exchange integrals calculated in this manner
turn out again, just as in the molecular-field theory, to
be very close for substituted and pure orthoferrites
(Table II).

As expected, the values of the parameters J, calcu-
lated by the high-temperature expansion method, are
higher and apparently more exact than the values of J
obtained in the molecular-field approximation.t 1 Cal-
culation shows that the value of |J| drops from 58.8 to
50.8°K on going from the lanthanum orthoferrite to the
lutecium orthoferrite.

The fact that the exchange integrals calculated for
substituted orthoferrites turned out to coincide with the
corresponding values of J for pure orthoferrites indi-
cates that the theory as considered above can apparently
be applied also to complex substituted systems, provided
the corresponding values of neff can be chosen in a
reasonable manner.

Temperature Dependence of Effective Magnetic Fields

It is customarily assumed at present that the effec-
tive magnetic field at the Fe®* ion nuclei, as a function
of the temperature, is proportional to the magnetization
of that sublattice in which the iron ion is situated.!? 2!]

It is of interest to compare the temperature depend-
ence of the effective magnetic fields at the Fe nuclei,
and also at the Sn nuclei in different orthoferrites. Fig-
ure 5 shows the dependence of the reduced field
Hetf(T)/Heff(0) on the reduced temperature T/TN for
certain orthoferrites with composition
R, .,Cay.,Fe, oSn,,,0;. Attention should be called to the
following features of these curves: 1) for all the inves-
tigated orthoferrites the fields at the iron nuclei have
approximately the same temperature dependence; a
similar result was also observed for nonsubstituted
orthoferrites; {1 2) the fields at the tin nuclei de-
crease more rapidly with increasing temperature than
the fields at the iron nuclei (Fig. 5).

It can apparently be assumed that the field at the nu-
cleus of a diamagnetic atom reflects the magnetic state
of the iron ions surrounding this atom. On the other
hand, the state of these iron ions differs in that they
have at least one diamagnetic atom in their nearest
surroundings. Consequently, their exchange interaction
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becomes weaker and the temperature dependence of the
magnetic moment should be stronger. It can be as-
sumed as a rough approximation that the temperature
dependence of the field at a tin nucleus (Fig. 5) reflects
the temperature dependence of the magnetic moment of

those iron ions which have weakened exchange couplings.

This apparently can explain the singularities of (2)
(Fig. 5).

As shown experimentally(?? 2] and theoretically, ?*
21 the temperature dependence of the magnetization
near the Neel point can be expressed in the form

0.(T)/0.(0)=D(1 — T/Tx)".

Different theories predict different values of the param-
eters 8 and D (see Table IV of '*°!). For example, 3
can assume values %, 1/8, 5/16, and %. To give prefer-
ence to any particular theoretical model, it is neces-
sary to know the experimental values of the parameters
B and D for different substances.

Recent! *) Mossbauer investigations have shown
that for pure (nonsubstituted) orthoferrites the value of
the parameter 8 in the temperature interval 0.60
< T/TN <0.99 is 0,348+ 0.005. The coefficient D
ranges from 1.11 to 1,17,

We attempted to determine the values of the critical
parameters 3 and D for the substituted orthoferrite
Y, ,Ca, ,Fe, ;Sn, ,0;, assuming that the field at the nu-
cleus has the same temperature dependence as the
magnetization. Figure 6 shows in a doubly-logarithmic
scale a plot of Hegf(T)/Hess(0) against (1 — T/Ty) both
for the fields at the iron nuclei and for the fields at the
tin nuclei. Both plots are linear in the temperature in-
terval 0.60 < T/Ty < 0.985, but differ somewhat in
slope. The values of the parameters 8 and D calcu-

LO/HIT)
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»‘/'.1 e 7 4’/0—’
o |

1 7077
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7-7/T),
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072 J107? Vs

FIG. 6. Dependence of the field Heff(T)/Heff(0) on the quantity
1-T/TN in the orthoferrite Yq 4Cag.;Feg.9 Sng.; O3 The scales of both
coordinates are logarithmic.
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lated from the temperature dependences of the fields at
the iron and at the tin nuclei turn out to be somewhat
different:

pPe == 0,315 =+ 0,005,

D =113+ 0,02, 0,60 << T/Ty < 0,985;

B =10,380 = 0,01, D= =14740,02, 060 << T/Tx << 0,935.

Thus, for substituted orthoferrites as well, the mag-
netization as a function of the temperature in the region
0.6 < T/TN < 0.985 varies approximately in accord-
ance with the % law, and not the % law predicted by the
molecular-field theory.

The authors are grateful to Professor K. P. Belov
and Professor L. M. Belyaev for interest in the work
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