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Mossbauer spectroscopy has been used to determine the magnetic state of Fe?* jons that have been
substituted for Mn?* in MnCO; for temperatures between 1.8°K and the Néel temperature (~ 35 °K).
Iron concentrations up to 10 mole % have been examined. Within these ranges, the ’Fe Méssbauer
spectra show marked dependence on both iron content and temperature. The results have been
interpreted in terms of the interactions between the magnetic crystal and a single ferrous ion, and
support a model proposed recently for this system in which the Mn?* spins are reoriented in the
presence of the ferrous ions due to their large single-ion anisotropy in the trigonal crystal field.

1. INTRODUCTION

It has been shown by magnetization and suscepti-
bility measurements®*? that dilute solutions of
FeCO; in MnCO, have interesting magnetic prop-
erties. Both pure materials crystallize with very
similar rhombohedral structures® and in both there
exist exchange interactions that lead to antiferro-
magnetic ordering below Ty=35°K. In pure
MnCO,, the predominant anisotropy energy is
due to dipolar interactions. This is relatively
weak and favors the basal plane for the Mn?* spin
direction, thus allowing a weak ferromagnetic
moment to occur through the presence of an anti-
symmetric exchange interaction.* It was found in
Ref. 2 (hereinafter referred to as I) that this weak
moment decreases rapidly when MnCQ, is doped
with Fe®, being effectively absent for concentra-
tions above 3.5 mole% of FeCQ,. This was inter-
preted as a rotation of the an’-spin direction
toward the crystal ¢ axis so that the antisymmetric
exchange is no longer allowed. The origin of this
spin reorientation lies in the large single-ion
anisotropy of the ferrous ion, which is the result
of the combined effects of the trigonal crystal field
and spin-orbit coupling on the °D ground state, and
which favors the ¢ axis for the Fe?* spin direction.
Competition between the Mn?* anisotropy and
Mn- Fe exchange energies leads to the rotation of
the Mn spins. Within the Fea"-doping range where
this reorientation takes place, the presence of a
thermoremanent offset moment suggests that the
Mn? and Fe® spin directions are not collinear.

In the work reported here we have measured
the hyperfine interactions at the iron sites using
MoOssbauer spectroscopy, and from these measure-
ments we deduce the properties of the solute fer-
rous ions as functions of doping concentration and
temperature.

MGssbauer spectroscopy allows measurement of
the three leading terms in the multipole expansion
of the hyperfine-interaction energy between an

atomic nucleus and its surrounding electrons.
These are the electric monopole, magnetic dipole,
and electric quadrupole terms. While each term
contains the product of a nuclear and an electronic
quantity, the properties of the *'Fe nucleus in-
volved in the interactions mentioned above are
considered to be sufficiently well known that in-
formation regarding the electronic distribution in
the ferrous ion can be deduced. This information
is characterized by the electronic charge density
at the nuclear site, the magnetic hyperfine field
and the electric field gradient at the nuclear site,
and because they are properties of a distribution
evaluated at a single point they cannot be unam-
biguously interpreted without some prior knowl-

edge of the electronic state of the ferrous ion in
manganese carbonate.

In Sec. II, implicity using the results of a variety
of experiments, we describe a model from which
the electronic structure of the ferrous ion in its
present environment can be determined, and in
Sec. III show how the properties measured by
MdGssbauer experiments are derived. From mea-
surements at low temperatures (< 4. 2 °K) on sam-
ples containing different concentrations of iron it
proved to be possible to deduce all the information
required for the description of the state of the
ferrous ion, and this is done in Sec. IV; the re-
sults and some of their implications are discussed
in Sec. V. A simple extension to the model to
describe the temperature dependence of the Fe®
wave functions with no free parameters is proposed
(Sec. VI) and the relevant measurements are dis-
cussed in terms of it in Sec. VII.

II. Fe?*ION IN MnCO; (T=0)

We will assume that the ferrous ion is situated
in a crystalline electric field of trigonal symmetry
produced by the host MnCQ, lattice. The elec-
tronic state of Fe?* in a field of this symmetry has
been discussed before,’ and has been related to
susceptibility and magnetization measurements
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We assume that the crystal field is much weaker
than intra-atomic Coulomb interactions, so that
the 5D ground state of the free-ion 3d° configuration
is perturbed by a potential considered to be the
sum of a large component with cubic symmetry and
a smaller trigonal component. We then make the
approximation that the cubic component of this po-
tential is much larger than all other perturbations,
so that the ground state in the cubic field (an orbit-
al triplet) may be used to calculate the states re-
sulting from the presence of the trigonal field com-
ponent, spin-orbit coupling and exchange with the
ion’s magnetic neighbors. The empirical justifica-
tion of this approach is that the splitting due to the
trigonal field is ~ 10% cm™ while the cubic potential
term splits the °D state into two levels separated
by ~ 10* cm™; nevertheless there are indications
that some errors may be introduced. ®

The cubic states are an orbital triplet with T,,
symmetry (the ground state) and an orbital doublet
(Eg). The angular parts of the T, orbital func-
tions, which are to be used as basis functions,
may be written in the trigonal coordinate system as’

%Z Y‘ZJ )
Yo=Y+ (V3 Y, (1)
b= (W3 Vi~ (y3) Y3,

where Y"}(6, ¢) are spherical harmonics of order I.

The quantization z axis isthetrigonal c axis (§=0), a
cubic[111]direction. For interactions withinthe T,
orbitals only, thesethree functions behave like eigen-
functions of an angular momentum operator Twith 7
=1. Thisisreferredtoasthe T, -p equivalence. ®
The suffixes on the functions [Eq. (1)] are the
eigenvalues [, of this pseudoangular momentum.

When the ionic ground-state spin S=2 is taken
into account, the T, level has a degeneracy of 15.
These 15 spin orbitals are denoted by ¥,=y;x;
(=0, +1; j=0, £1, +2) where Xm, are the five
spin functions of S=2. Within this representation
we wish to find the eigenfunctions and eigenvalues
of the perturbation Hamiltonian

w::;ctﬂg‘*?cso*"’;cu' (2)

The energy levels resulting from progressively
switching on these interactions are shown in Fig.
1, for the simple case of an exchange interaction
causing spin ordering along the trigonal axis, as
occurs in FeCO,. Evaluation of the terms in 3¢/,
allowing for nonaxial directions of the exchange,
is described below.

A. Trigonal crystal field —3C g

The second-order axial component of the crystal
field can be represented by a potential that can be
written in Cartesian coordinates as” V, 322
-2 The matrix elements of this potential can
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FIG. 1. Energy-level scheme for the free ferrous ion
under the action of the cubic and trigonal crystal fields
plus spin-orbit coupling plus exchange parallel to the tri-
gonal axis.

be evaluated by means of the operator equivalent
technique, "® and give

Hoomg® 3LE-L(L+1)=A[LE-FL(L+1)]. (3)

The parameter A determines the separation be-
tween the orbital doublet (,,) and the singlet (%)
into which the T',, level is split by the action of
Vinge alone. Typically observed values of this
splitting are 134a1=10%cm™ for Fe® in trigonal
environments. > M0ssbauer quadrupole interaction
data®10 indicate that the orbital doublet is lowest
in FeCOs.

We neglect the effect of any fourth-order terms
in the crystal field. Interaction with the cubic E,
level® could mix perhaps 5% of the E, states into
the lower doublet, changing the numerical factors
in ¢,; [Eq. (1)]. We do not wish to introduce any
parameters that do not improve our understanding
of the experimental results at present, although in-
clusion of fourth-order terms is shown to be neces-
sary in some materials. !

B. Spin-orbit coupling—IC,

The coupling between the total spin and orbital
angular momenta has the form AL - §, where the
constant X is taken to be the product of the free-
ion value A= — 103 cm™! and a factor o that ac-
counts for a decrease due to the effect of cova-
lency. ¥~ Thus we write

3e=AL+S = a®x[L,S, + HL,S.+L_S,)] (4)
and we leave o as an adjustable parameter.
C. Magnetic interaction — JCex

We start by considering a simple molecular
field model for the exchange interaction, with
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Ecax=’22J£§i'§:ﬁex'§y (5)
i

where the effective spin S of the Fe* ion is coupled
to the surrounding Mn? spins §, by an exchange
integral J;. We will restrict the summation to the
six nearest neighbors, and assume that the §, of
the magnetic host sublattice are collinear. ﬁ,,
==2%;J; §, is then taken to be an effective exchange
field of magnitude J’ (S;) and orientation 6,, with
respect to the trigonal axis: 6, is therefore
equivalent to 8,,, the orientation of the Mn® spins.
The molecular field constant J' = -2} ;J; is ex-
pected to have a value somewhat larger than that

in pure MnCO; ¥® (Jyp-ra= — 12cm™?Y) but is left as

a parameter to be fitted to the experimental data.

The statistical average spin (S;) of the Mn® ions
will not be a function of 6,, since the S-state ion
has spherical symmetry. Use of the Brillouin
function of spin % to describe the temperature
variation of (S;) will lead to inaccuracies, but
these will almost certainly be no more serious
than those that are inherent in other aspects of
the molecular field approximation. The justi-
fication for the assumption of collinearity of the
Mn? spins? is found in the weakness of spin anisot-
ropy relative to the Mn-Mn exchange, since the
main sorce of the anisotropy is the long-range di-
polar interaction.!®'!” Thus, all Fe?* impurities
should experience an exchange field with the same
strength and orientation (ignoring the small num-
ber of Fe-Fe nearest-neighbor pairs).

If Hex is restricted to the xz plane, imaginary
components are eliminated from the Hamiltonian
matrix and consequently from the eigenfunctions
also (although the y; basis functions are not them-
selves real). This simplification involves no loss
of generality because of the axial symmetry of both
the crystal and the basis functions. Then we have

Hor= Hop* S=J(S1)(S, 0SB, + S, 5inb,,)

=J'(Sy) [S, COS e+ 5(S, +S.)sinb,,] . (6)

Only the dominant magnetic interaction is ac-
counted for in this Hamiltonian; considering the
approximations up to this point, minor terms such
as dipolar interactions with the surrounding spins
may be safely neglected.

A problem arises from the use of a constant J’
while the Fe?* spin direction changes because the
spatial symmetry of the Fe?® wave functions de-
pends on the spin direction through the spin-orbit
coupling. When a nonaxial exchange field induces
a perpendicular spin component S, it will at the
same time lead to an orbital moment L,. This is
achieved by admixture of the orbital singlet ¥,
into the ground state; the resulting state has a
different spatial symmetry than has the ground
state in an axial field, which consists of only the
orbital doublet (y,,) functions. Since the exchange
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mechanism leading to J’ is sensitive to the orbital
overlap of neighboring ions, it is to be expected
that J’ will depend on 6, the direction of the ex-
change field. It should be pointed out that this ef-
fect has the same origin as the strong magnetic
anisotropy of the Fe®* ion in the carbonate lattice.

We will calculate the eigenfunctions and their
eigenvalues assuming a constant J° and examine
the consequences later. Diagonalization of the
15X 15 matrix (¥, 13’ | ¥,.) will give the energies
E, and the wave functions

15
'I’,.:Zank‘l’k, (7)
k=1

where the coefficients a,, are real because of the
restriction of H,, to the xz plane.

III. MOSSBAUER-EFFECT OBSERVABLES

The purpose of this work is to determine the
electronic state of the Fe?* impurities by means of
Mdssbauer spectroscopy. We can extract from the
spectra the value of the magnetic hyperfine field,
the electric field gradient at the nucleus, and their
relative orientations. We are therefore required
to relate these observables to the expectation val-
ues of the spin and orbital operators for the states
¢, obtained in Sec. II. In general we have, for the
expectation value (O) of the operator O, the en-
semble average at temperature T

<o>=213 (®,]|0|@,ye EnT 1Zs)e"?n/”, (8)
n=1 n=1

The calculation of the observable quantities is
outlined below. It should be pointed out that val-
ues determined in this way will only correspond
with measured quantities when the lifetime of the
first excited state of the *'Fe nucleus (1.4x 107"
sec) is much longer than transition times between
the electronic levels, so that the ensemble aver-
age [Eq. (8)] is equivalent to a time average. This
is not always the case, but it seems unlikely that
relaxation effects will be important except perhaps
at temperatures close to the Néel point. !°

A. Effective magnetic field at the nucleus

As enumerated by Marshall and Johnson, 8 the
three main contributions to the magnetic hyperfine
field Hy, are as follows, when expressed in terms
of the | orbital and spin angular momentum opera-
tors L and §, the 3d-electron radial coordinate 7,
and the Bohr magneton py.

(a) The first contribution is the field produced
by the orbital moment of the Fe®* ion,

Hy =20, ") (D). (9)

(_ﬁ) is nonzero below Ty because of the combined
effects of exchange and spin-orbit coupling. It
can be directly related to the spectroscopic split-
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ting tensor g. % 1°

(b) The second contribution is the dipolar field
due to the net electronic spin moment of Fe®,

Hp=- suprH(B35: H)F/2-§). (10)

This field is nonzero only for an aspherical spin
density, and is related to the electric field gradient,
which arises from an aspherical charge density.!®!®
Evaluation of ﬁ,, by means of equivalent opera-
tors™? gives

ﬁnz‘%‘ Nd(”-3> [%I-:(i §)+ %(-I: §)-I: - L(L+ 1)§] (10a)

(c) The third contribution is the Fermi contact
field, proportional to the electronic spin density
at the nucleus,

H, - H.(5). (11)

The contact-term effective field H, has been cal-

culated to be — 550 kOe for the free ion, 2° although

a reduction due to the effects of covalency is to

be expected. This term arises mainly from the

polarization of the inner s electrons by exchange

interaction with the 3d electrons, and is therefore

a§sumed to be proportional to the net ionic spin

(S). o -
_’The’hyperﬁne field is then given by Hy,=H,

+ Hp + H,.

B. Electric field gradient at the nucleus

The most important contribution to the electric
field gradient (efg) at the *’Fe nucleus is due to the
aspherical charge distribution of the 3d electrons
in the ferrous ion. The components V,; of the efg
tensor, '*?! when evaluated by operator equivalents,
are related to the same orbital operators as the
dipolar field ﬁp, as remarked above. In fact, when
the orbital states y; are not mixed (i.e., when
A= 0), the efg tensor reduces to a vector propor-
tional to Hp. '*22 When the efg tensor is rotated to
its principal axes, !*»2! the coupling constant for
the quadrupole interaction is defined as AFE
= 1eQV’,, where V/, is the maximum component
of the gradient, e is the electronic charge, and
@ is the quadrupole moment of the first excited
state (I=3) of the *’Fe nucleus; the nuclear ground
state has spin I= 3 and therefore no quadrupole
moment. The remaining principal components of
the efg may be described by an asymmetry param-
eter = (V- V’,)/ V., because V' satisfies the
Laplace equation.

Analysis of the observed spectra will give the
direction of H,, in terms of the polar and azimuthal
angles 8y, and ¢y, referred to the principal axes
of the efg. In the present case it is found that the
z axis of the efg coincides almost exactly with the
trigonal crystal axis, and we will henceforth let
9p¢=06y. It may be noted here that, in general, the

hyperfine field, the effective Fe?* spin direction,
and the exchange field are not collinear, i.e.,
Ope# Ope# 0 op.

Note on use of (7'3). In the discussion above, the
parameter_ &%) has been introduced in the expres-
sions for H; and Hj (and V) but its effect on each
of these quantities depends on electronic screening
produced by the closed shells in the ionic core, and
these effects are not necessarily the same for all
the interactions. Strictly speaking, we should de-
fine separate parameters ¢),, &%), and ('r's)o
to account for the different screening mechanisms,
but Freeman and Watson?® did an unrestricted
Hartree-Fock calculation of the three parameters
for a free Fe?* ion, including radial (but not angu-
lar) distortions of the core wave functions, and
found that they were the same to within 10%. More-
over, it turned out that for the two magnetic inter-
actions the parameters were almost identical.
Although there are other factors to be considered!®
it appears that a single effective (r's) may justi-
fiably be used to describe the orbital and dipolar
fields. In fact, we will use a single value of ()
to describe all three interactions: it only appears
as the product ¢*-*)Q in the electric quadrupole
interaction, and @, the nuclear quadrupole moment,
is treated as an independent parameter anyway. In
any case, relatively little emphasis is placed on
the results of electric quadrupole interaction mea-
surements in this paper as there are some aspects
of detailed behavior that are not fully understood*
and on which work is continuing. Discussion in
general terms, however, remains valid and is in-
cluded for the sake of completeness.

Johnson'®"% points out that covalency will cause
a reduction of (r") from its free-ion value. In-
galls'? and Hazony* have also discussed this point.

1V. EXPERIMENTAL DETAILS AND LOW-TEMPERATURE
RESULTS

The iron-doped samples of MnCQ; were prepared
as described in I, except that iron enriched in *'Fe
was used. In addition, the slightly acidified start-
ing solution containing the Mn and Fe ions was
passed through a column of Zn-Hg amalgam to en-
sure that the iron was reduced to the ferrous state.
A conventional electromechanically driven Moss-
bauer spectrometer was used in conjunction with a
variable-temperature cryostat in order to obtain
spectra of the carbonate samples between 1.8 and
300 °K in zero applied magnetic field. The source
of the 14.4-keV ¥ radiation was °'Co in chromium,
and the velocity scale was calibrated using a thin
absorber of natural iron and the data of Preston
et al.* From the relative positions of the iron-
absorber peaks, the linearity was determined to
be exact to within 0.3%.

Because the samples were randomly oriented
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powders, the spectra were fitted by a least-squares
procedure to spectra calculated as described by
Kiindig. % The spectra obtained at the lowest tem-
perature used for each sample are shown in Fig.
2. The solid lines are calculated spectra whose
parameters are listed in Table I. In all cases,
the fitting proved to have effectively no dependence
on ¢, (the standard deviations calculated for this
parameter were generally greater than 360°) and
¢y is arbitrarily set equal to zero. This lack of
dependence reflects the fact that the efg asymmetry
is always small, so that the principal axes V,,
and Vy, are poorly defined.

Table I shows that the parameters that vary
most strongly with the molar Fe concentration ¢
are the magnitude of the hyperfine field Hy, and its
orientation 6,,. In Fig. 3 we plot H,, against 6,
to remove the Fe concentration dependence, which
we do not wish to consider at this stage. The solid
line was calculated as outlined in Secs. II and III,
using the following set of parameters, and by vary-
ing 6,,, the orientation of the exchance field:

3A=-1000 cm™ = - 1440 °K ,
A=a®y=0.8621=-88.6 cm™=-128 °K,
J'=-22cm™=-32°K,

H,= - 495 kOe,

@3=3.91 a.u.

This set of values is not necessarily the best pos-
sible set: The parameters show a certain amount
of mutual dependence, and lack of computer time
prohibited an exhaustive search of possible com-
binations of values. The set listed above was
chosen after a visual inspection of graphs similar
to Fig. 3, although “best” fits for a range of val-
ues of the crystal-field parameter appeared to be
equally good, and a representative value is given.
In view of this it is unreasonable to quote uncer-
tainties in the values, and it should be emphasized
that no quantitative conclusion will be drawn from
these. We only wish to show that the Mossbauer
data can be reasonably interpreted in terms of the
model proposed in I.

The line drawn in Fig. 3 corresponds to a range
of 6,, from 0° (H,, parallel to trigonal axis) to 87°
(H,, 3° out of basal plane), and the peak occurs at
6.,~77°. The calculated values of Hy,s and 6, at
T =0 over the range of 0 , are listed in Table II.

Effects of nonferrous iron

In the spectra of the samples with very low iron
content, some resonance peaks were observed
(most clearly at high temperatures—see Sec. VII)
that were not consistent with Fe®* spectra. These
resonances were readily separable from the ferrous
spectra and their origins are identified as follows.

(a) Fe* in the carbonate lattice. The small
peak at —4.2 mm/sec in the ¢ =0.002 spectrum
(Fig. 2) was identified as an Fe* resonance by
repeating the spectrum using a larger velocity
range. This is shown in Fig. 4, although a dif-
ferent ¥ source (Pd®'Co) was used so that all peaks
are shifted by 0. 34 mm/sec towards the negative
velocity end. The arrows mark the positions of
the six lines corresponding to the hyperfine field
of 540 kOe and an isomer shift of +0.40 mm/sec
(relative to Pds"Co); bothvalues are typical of fer-
ric spectra. It was further found (see Sec. VII)
that the Fe?* and Fe* spectra showed the same ord-
ering temperatures (to within a few degrees) and
it may therefore be assumed that the Fe3* ions are
in the carbonate lattice. The Fe* was presumably
formed during the sample preparation, and in this
case a certain quantity, rather than a fixed propor-
tion, of the Fe®* might be expected to be oxidized to

(G/O)

ABSORPTION
s}

8 4 0 4 8
VELOCITY (mm/sec)

FIG. 2. Mossbauer spectra for the Mn,;_.Fe,CO; sam-
ples at the lowest temperatures employed (see Table I).
The drawn curves, which were obhtained using the param-
eters listed in Table I, are explaiaed in the text. The
value of ¢ is indicated for each spectrum.
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TABLE I.

standard deviation in the uncertainty in the appropriate quantity.
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Parameters deduced from the low-temperature MSssbauer spectra.

9

Figures in parentheses represent one

¢ (Molar fraction) T(K) H(Oe) 6y (deg) AE(mm/sec) n 6 (mm/sec)?
0.002 1.8 194.8 (1.0) 36.0 (0.3) 1.11 (0.02) 0.15 (0.02) 1.582 (0.005)
0.004 4,2 195.2 (0.7) 33.1 (0.3) 1.06 (0.01) 0.07 (0.02) 1.558 (0.005)
0.0065 4,2 184.8 (0.5) 30.2 (0.3) 1.06 (0.01) 0.13 (0.02) 1.529 (0.005)
0.009 4.2 183.9 (0.4) 26.4 (0.3) 1.07 (0.01) 0.08 (0.01) 1.503 (0.004)
0.012 4,2 178.8 (0.2) 21.2 (0.2) 1.04 (0.01) 0.05 (0.01) 1.490 (0.002)
0.016 4.2 173.2 (0.2) 17.4 (0.2) 1.04 (0.01) 0.00 (0.02) 1.499 (0.003)
0.020 4,2 168.9 (0.1) 14.7 (0.1) 1.04 (0.01) 0.06 (0.01) 1.531 (0.001)
0.025 4.2 165.6 (0.05) 7.7 (0.1) 1.03 (0.001) 0.0 1.540 (0.006)
0.040 4.2 162.4 (0.04) 0.0 1.021 (0.001) 0.0 1.531 (0.001)
0.100 4.2 163.1 (0.1) 0.0 1.028 (0.001) 0.0 1.531 (0.001)

35 is the isomer shift measured relative to Cr*Co.

Fe*. The Fe* spectrum would then be most promi-
nent in the least-doped samples, and this is consis-
tent with the observations.

(b) Ivon impurities in the beryllium windows of
the cryostat. These give a small, broad, unre-
solved resonance near zero velocity, as was veri-
fied by collecting a spectrum with no sample in
the cryostat. This resonance was detectable only
in the spectra of the ¢ =0.002 and 0.004 samples.

200 T T T T T
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g
w 180 —
w
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Z
i
w |70+ -
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(o} 20 40 60
DIRECTION , ehf (deg)

FIG. 3. Magnitude of the 'Fe hyperfine field Hy as a
function of its direction 6 referred to the trigonal axis.
The points were obtained from the spectra in Fig. 2; cal-
culation of the curve is explained in Sec. IV.

V. DISCUSSION OF LOW-TEMPERATURE RESULTS

Before discussing those results that are relevant
to the magnetic properties of the Fe?* ion, some
comments on the values of other parameters ob-
tained from analysis of the spectra are in order.
As mentioned in Sec. III, we obtain the product
@3)Q from the electric quadrupole interaction.
This interaction was found to be fairly insensitive
to iron concentration (see Table I) and the value
#r3)Q=6.45+0.20 a.u. b is obtained. If the ef-
fective value of (r %) obtained for the magnetic
interactions is used (i.e., >y=3.91 a.u.), then
the *’Fe nuclear quadrupole moment is @ =0. 165
+0.005 b. This agrees well with the value 0.18 b
obtained by Johnson, 19,22 gyen though we have not
(Sec. IIB) taken any account of the small contri-
bution to the quadrupole interaction arising from
charges external to the Fe®* ion, which will vary
among different materials.

The variation with iron concentration of the asym-
metry of the electric field gradient is qualitatively
reproduced by the calculations. The efg is axially
symmetric (i.e., the asymmetry parameter 7=0)
at the higher doping levels where the exchange
field is parallel to the trigonal axis, and as the
iron concentration is lowered, 7 increases with
the orbital moment L,. The calculated asymme-
tries, however, tend to be smaller than those ob-
served: for 6,,=80°, which corresponds roughly
to the ¢ =0.002 sample, the calculated n=0.06,
whereas the data show that n=0.12+0.02.

The value of a®=0. 86 for the covalency factor,
which reflects the decrease in the spin-orbit cou-
pling constant A relative to the free-ion value, is
in good agreement with the estimate of @®=0.9
made by Okiji and Kanamori® for FeCO;. It also
falls within the range of 0. 6-0. 9 reported for
various ferrous compounds.
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TABLE II.
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Calculated functions of the state of the Fe®* ion at T=0 for various directions

of the exchange field, using parameters listed in Sec. IV.

0 (T=0) (deg) Hy (kOe) 6 (deg) (S,) (S, (L,) Ly
0.0 163.3 0.0 0.0 1.977 0.0 0.977
10.0 164.3 5.6 0.079 1.975 0.008 0.977
20.0 167.0 11.0 0.156 1.970 0.015 0.976
30.0 171.2 16.0 0.232 1.961 0.022 0,974
40.0 176.5 20.5 0.305 1.949 0.030 0.972
50.0 182.3 24.5 0.375 1.933 0.037 0.969
60,0 188.2 28.0 0.443 1.911 0.044 0.962
65.0 191.0 29.7 0.476 1,897 0.048 0.957
70.0 193.3 31.3 0.510 1.877 0.051 0.949
75.0 194.9 33.3 0.547 1.843 0.056 0.935
80.0 194.3 36.1 0.593 1.770 0.061 0.899
85.0 182.6 43.4 0.668 1.500 0.069 0.763
87.0 166.0 52,1 0.714 1.165 0.074 0.593
90.0 136.1 90.0 0.767 0.000 0.080 0.000

If we make use of the suggestion by Ingalls'?
(with which Hazony'* disagrees) that covalency re-
duces ™) by the same ratio as it decreases X,
then for the magnetic interactions we obtain an ef-
fective value &~%=4.55 a.u. for the free ion. Agree-
ment with the calculations of Freeman and Watson®
for the Fe®* free ion is very good. The model on
which our calculations are based is further sup-
ported by the fact that the value we obtain for
H, (- 495 kOe) is within the range previously re-
ported for the Fermi contact hyperfine field con-
stant in ferrous compounds. The reduction of 10%
from the calculated free-ion value, H, = - 550
kOe, # is somewhat less than the 149 reduction in
), but this is not unexpected. '

The value J’= - 22 cm™ for the exchange constant
is of some interest. It is almost twice as large as
the Mn-Mn exchange constant in MnCQs;, 15 and may

T T T I T

0wy, cz0002 T=42°K o]

(%)

0.5
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|.Ot

-15 -10 -5 0 5 10 15
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FIG. 4. Mo0ssbauer spectrum of the ¢ =0.002 sample
at 4.2°K. The velocity range is larger than that of Fig.
2. The six peaks of the Fe®* spectrum are shown by ar-
rows.

in fact approach the value for Fe-Fe exchange in
FeCO;, although this latter is unknown. This could
be regarded as evidence of Fe- Fe clustering in the
samples, but the fit of the data over a considerable
range of iron concentrations argues against this
since the same value of J’ was used in all calcula-
tions. Furthermore, the hyperfine field of 163 kQOe
at 6,,=0 (Fig. 3), is somewhat less than that in
FeCO;'® so the existence of small regions of

FeCO; seems unlikely. (Of course there is a non-
zero probability of occurrence of iron nearest-
neighbor pairs, but at low concentrations this should
have little effect on the results.) An unusually
large Mn-Fe exchange coupling was also inferred
from the rapid rise of the ordering temperature
with increased iron doping in I.

On the basis of the good fit of the calculated
curve to the data in Fig. 3, using apparently rea-
sonable values of the various parameters, we con-
clude that the low-temperature behavior of the
Fe?* ions is adequately described by the model in
which a system of collinear Mn# spins produces
the same exchange field at all Fe® ions, and
where the orientation, 6, (=6,,), of this field
relative to the trigonal axis depends on the Fe?*
concentration. We therefore feel justified in using
this model as a basis for further discussion of the
system.

It is now a simple matter to demonstrate the
dependence of the effective spin and orbital angu-
lar momenta, (S) and (L)%, of the Fe? ion on the
direction and strength of the exchange field. The
values of (S,), (S,), (L,), and (L,) as functions of
6. are given in Table II and plotted in Fig. 5(a).
The anisotropies of the momenta are further em-
phasized in Fig. 5(b), where we plot the dependence
of (S)and (L) on the strength of the exchange con-
stant J' for both the parallel and perpendicular
orientations of the exchange field, i.e., for 6,
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FIG. 5. Expectation values of S and i, the spin and
orbital angular momentum operators for the ferrous ion
at T=0. (a) The x and z components as a function of the
exchange field direction 6 4 with J’ =— 22 cm™ and (b) asa
function of the exchange parameter J’, for parallel (ll)
and perpendicular (1) orientations of the exchange field,
referred to the trigonal axis. The arrows indicate the
value of J* (—22 cm-!) obtained from the present results.

=0° and 90°. These curves are not, of course,
unique functions of J’, but depend also on the crys-
tal-field splitting A and the spin-orbit coupling A.
The strength of the exchange deduced for the sys-
tem, J'=-22 cm™, is marked in Fig. 5(b). Thus,
even at T=0, if the exchange field is in the basal
plane, neither the full spin nor orbital angular
momentum of the Fe?* ion is seen. Full momenta
are not developed, in fact, for any nonzero value
of 8., with a finite J’, although it is not until 6,
2 75° that the net moment starts to decrease ap-
preciably for our value of J'. This illustrates the
strong anisotropy of the susceptibility® in FeCO,,
as well as the reason why spin flopping is so un-
favorable that FeCOg is metamagnetic. 28

Figure 5(a) implies that the Mn and Fe spins are
not collinear except in the limiting cases where
6.,=0° or 90°. This is consistent with the pro-
posed origin of the thermoremanent offset moment
reported in I. With the assumption that 6, =6,
Fig. 6(a) shows the direction of the effective Fe®
spin, fg.=tan™ ({S,)/(S,)), and the difference
Oya — 05 as functions of 8,,. While the dependence
of these quantities on iron concentration can be

estimated from the data in Tables I and II, the val-
ue of 6., for each sample can be more reliably de-
termined from the temperature-dependent results
to be presented below. The calculated hyperfine
field and spin components in the xz plane are
drawn in Fig. 6(b) for three directions of the ex-
change field.

Vi. CALCULATION OF TEMPERATURE DEPENDENCE OF
0

ex

If we disregard temperature-dependent changes
in the parameters used in the model calculations,
then the direction of the exchange field 6 ,(T) is
determined by the temperature dependence of the
Fe-Mn exchange interaction, since it is this inter-
action that is responsible for lifting the Mn spin
direction out of the basal plane. In a crystal of
MnCO; doped with a molar fraction ¢ of FeCOs,
where 6, (T =0) is such that (S,) and (S,) are the
components of the effective Fe?* spin S at low tem-
peratures, we have for the total energy of the spin
system (averaged per ion) at temperature 7,

E(T)=(1-¢)(8; )’ Ky 0820, (T)
- 202 J{ §1 ° §
i

= (1= ¢) (5,2 Ky c08%0 (T) +¢J’(S;)
X [{S,)sinf(T) +(S,)cos8,(T)]. (12)

The first term is the anisotropy energy of the Mn*
spins S;, taken to have the form of a magnetic di-
polar interaction, with K, a constant. The iso-
tropic Mn-Mn exchange is not included because it
does not directly affect the temperature dependence
of 6,,. Antisymmetric exchange supplies a small
energy term favoring the basal plane, but its angu-
lar variation is the same as that of the dipolar en-
ergy and it may therefore be included in Ky,.

The second term in Eq. (12) is the Fe-Mn ex-
change energy. As far as other terms are con-
cerned, it should be noted that the Fe?* single-ion
anisotropy is implicity accounted for in the deter-
mination of (S,) and (S,) and, as before, all other
magnetic interactions of the Fe? ion are considered
to have a negligible effect.

The equilibrium value of 6,(T) is determined
by the condition 8E/86 =0, so that

(1-0)Kyy 1 (Sp (S
cJ’ = 2(S,) (sinee,(T) _cosee,(T)) : (13)

The Fe®* spin components have been treated as
constants here because the calculation demands

an iterative approach: There is no analytic expres-
sion for (S,) or (S,) as functions of 6,,, nor for
their partial derivatives with respect to 6,,. The
energy expression [Eq. (12)] is correct only for

the situation where the Mn spin is free to rotate

in a field in which the Fe®* spin § is fixed, so the
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FIG. 6. (a) Effective direction of the ferrous ion spin 6y, and the difference (6yy — 65, as functions of the direction of

the exchange field, 6, =6y, With respect to the trigonal axis.

(b) Hyperfine field components (left) and effective spin

vectors (right) for three directions of the exchange field. The vertical axis represents the crystal ¢ axis.

following procedure was adopted. For a given
value of 0,,(0), (S,)and (S,) are calculated from
the eigenfunctions obtained according to Sec. II,
and the ratio of (nominal) constants on the left of
Eq. (13) is subsequently determined. At tempera-
ture T, (§,)is found from the Brillouin function of
S=%, and Eq. (13) is solved to find the new value
6.(T). Iterations proceed like this until the solu-
tions converge.

The general pattern of behavior of 6.,(T) depends
strikingly on the value of 6,(0). For a large 8,,(0),
i.e., for small ¢, when the Fe-Mn exchange ener-
gy is small (S;. S small) and the full Fe?* spin
S=2is not seen even as T -0 [see Fig. 5(b)], a
rise in temperature has the effect of further weak-
ening the exchange relative to the Mn anisotropy
energy, and hence 0.(T) increases. This occurs
because (S) decreases with increasing T faster
than does (§;). The increase in 6,,(T) is monotonic
with T but it occurs mostly over a rather narrow
temperature range giving it the appearance of a
transition, and this is due to the strong dependence
of {(S,) on 8, for larger values of 8, [ Fig. 5(a)].
Examples of this behavior will be given later [Fig.
8(a)].

On the other hand, when 6,(0) is small and the
Fe-Mn exchange energy is large, (§) decreases
more slowly with increasing T than does (§,), and
as a result the Mn anisotropy decreases more
rapidly than the exchange. This causes a decreas-
ing 0,(T) and, again, this effect can be quite rapid.
Examples of this will be given in Fig. 8(b).

It is appropriate at this point to recall the limi-
tation in the approximation made in Sec. I C, that
the exchange parameter J' is independent of 6,,.
This may have significant consequences when 6,,(T)
changes considerably with temperature.

VII. MEASUREMENTS AT HIGHER TEMPERATURES:
RESULTS AND DISCUSSION

For each sample, spectra were recorded at a
number of temperatures between 4.2 °K and the
Néel temperature (~ 35 °K), and were fitted as
described in Sec. IV. Two sets of such spectra
are shown in Fig. 7: The ¢=0.002 sample spectra
are Fig. 7(a) and the ¢ =0.016 spectra are Fig.
7(b). The solid lines are the best fits to the spec-
tra.
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FIG. 7. Mossbauer spectra for two samples of Mn, ,Fe,CO; as a function of temperature.
correspond to the parameters listed in Table III, are explained in Sec. VII.
shown by arrows in the T=24.1°K spectrum, are evident in all the spectra.

T=39.5°K. (b) ¢=0.016 sample.

A. Effects of nonferrous iron

As already remarked (Sec. IV), the presence of
Fe3* in the carbonate lattice and iron in the beryl -
lium windows was detected in the spectra of the
samples with low iron content. Further informa-
tion on the Fe3* spectrum was obtained from the
temperature dependence of the hyperfine field,
which indicated an ordering temperature between
31 °K (where the field was 414 kOe) and 37 °K
(H,=0). We infer that the ferric ions are ordered
by the exchange field in the carbonate lattice; other
interpretations are possible, but less likely. For
all the spectra of the ¢ =0.002 sample, the Fe3*
component accounted for (20 +5)% of the total area
(the variation being due to the low signal-to-noise
ratio of these spectra) and was correspondingly
less intense in the more iron-rich samples. The
collapse of the Fe? spectrum at higher tempera-
tures in the low iron content samples allowed the
Fe* spectrum to be seen more clearly [see Fig.
7(a): the Fe®* peaks are arrowed in the T =24.1°K
spectrum].

|©
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©
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e
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VELOCITY
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The drawn curves, which
@) ¢=0.002 sample. The F&** peaks,
They have converged to a single peak by

B. Ferrous spectra

The variations of the hyperfine field (H,,;) and
its direction relative to the trigonal axis (6,,) as
functions of temperature for the ferrous spectra
in the various samples are listed in Table III. We
attempted to reproduce these results by choosing
an appropriate value of 6,, (T =0) for each sample
and then calculating 6..(T) and subsequently H,(T)
and 6,,(T), using the parameters listed in Sec.

IV. Typical results of this procedure are shown
in Figs. 8(a) and 8(b), which show two different
sorts of behavior of 6.,(T). The conclusion is that
these calculations reproduce the general trend of
the results, and we ascribe differences in detail
to inadequacies such as the use of single-ion wave
functions and a directionally independent molecu-
lar-field model, and perhaps also to some in-
accuracies in the parameters determined from the
low-temperature results.

From this fitting procedure, estimates of the ex-
change field direction (assumed parallel to the Mn
spins) for each sample at low temperatures are
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TABLE II. Temperature and concentration dependence of the *Fe?* hyperfine field as de-

duced from the Mdssbauer spectra.
are typically 1 kOe for Hy; and 1° for 6.

Standard deviations in hyperfine field measurements

c TCK)  Hy(kOe) Oy (deg) c TCK)  HukOe) By (deg)

0.002 1.8 194.8 36.0 0.012 4.2 178.8 21.2

4.2 186.7 34,9 23.8 158.3 11.9

11.8 118.8 81.9 29.7 135.2 0.0
14,0 113.8 84.8

19.2 102.2 87.0 0.016 4.2 173.2 17.4

24,1 89.4 87.2 19.3 166.9 12.6

28.0 74.9 86.9 23.5 161.1 8.9

26.3 152.7 3.7

0.004 4.2 195.3 33.1 30.7 135.5 0.0
16.1 113.5 76.5

19.2 103.4 82.1 0.020 4.2 168.9 14,7

24.8 90.5 88.5 19.8 163.4 7.9

23.5 159.7 2.0

0.0065 4,2 184.8 30.2 26.8 152.9 0.0
12.4 174.5 29.4

23.5 93.5 78.3 0.025 4.2 165.6 7.7

28.2 66.0 89.2 19.7 163.9 0.0

23.4 161.4 0.0

0.009 4.2 183.9 26.4 27.0 154.4 0.0
16.4 170.5 23.3

19.9 162.5 20.8 0. 040 4.2 162.4 0.0

23.2 152.0 18.0 19.9 162.5 0.0

26.3 141.5 17.8 23.8 160.7 0.0

27.1 154.6 0.0

30.4 139.6 0.0

obtained. These are listed in Table IV and plotted
in Fig. 9(a). Also listed in Table IV and plotted
in Fig. 9(b) is the quantity (1 — ¢) sinf,,. Accord-
ing to Dzyaloshinsky theory, * this should be pro-
portional to the weak ferromagnetic moment exist-
ing in the Mn spin system, and this moment was
measured in I (see Fig. 2 of Ref. 2). It canbe
seen that the general features are the same (viz.,
a discontinuity in slope at ¢ 0. 005 and a rapid de-
crease of the moment to zero by ¢ =0.040), al-
though for 0.005 <c <0.040 the measured moments
are smaller than the calculated ones. This may
be due either to the inherent inadequacies in the
model (in pa-ticular to the assumption of a con-
stant J') or to the possibility that, despite the fact
that the measured powders were considered to
consist of single domain particles, some mech-
anism prevented the full weak moment from being
observed.

It is also observed [Fig. 6(a) of Ref. 2] that for
samples in which the doping concentration is great-
er than about 1mole% (c =0.01), the weak ferro-
magnetic moment decreases faster than the sub-
lattice magnetization when T is increased, and
this is in accordance with the behavior of 6.,(T)
decreasing towards zero at higher temperatures
in these samples. Figure 8(b) contains two ex-
amples of this behavior.

The values of the ratio of anisotropy to exchange
constants, Ky,/J’, derived from the values of 6,,
(T=0) [see Eq. (13)], are listed for each concen-
tration in Table IV, and plotted in Fig. 9(c). If
the Mn anisotropy energy is due predominantly to
dipole-dipole interactions'®!” then K, should be
a constant and we must ascribe the variations in
the ratio to variations in the exchange parameter
J' as 0,(0) changes. Reasons for variations such
as this have been discussed in Sec. II. It is worth
noting that the sort of behavior of J' indicated by
Fig. 9(c) can explain qualitatively the differences
between calculated and observed H,,(T) curves
such as are shown in Fig. 8. For low-concentra-
tion samples, such as c¢=0.002 [ Fig. 8(a)], J’
would be expected to increase with temperature
since 0,(T) does. This would lead to larger values
of (S,) [see Fig. 5(b)], and consequently larger
Hy, values at higher temperatures, and this would
improve the agreement between calculation and
experiment. On the other hand, at higher iron
concentrations such as ¢=0.016 [Fig. 8(b)], 0,(T)
decreases towards zero as the temperature is
raised, so J’ would likewise decrease. This would
have the effect of making 6, decrease more slowly
(the Mn spins would be less strongly pulled towards
the trigonal axis) and therefore H,,(T) and 6,,(T)
would also decrease more slowly, as is required
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FIG. 8. Exchange-field direction g, the hyperfine
field magnitude Hy, and direction 6y, as functions of tem-
perature for four of the samples of Mn; Fe,CO;. The
solid curves were obtained as described in Sec. VII using
the parameters listed in Sec. IV. (@) ¢=0.002 and ¢
=0.0065 samples. (b) c=0.016 and ¢ =0.025 samples.

to fit the data in Fig. 8(b).

Finally, we note that the magnitude of the ratio
Ky/J' (~0.005) appears to justify the assertion
made in Sec. IC that the Mn spin anisotropy is
weak relative to the exchange interactions.

VII. CONCLUSION

From the manner in which the present results
are reproduced by a simple molecular field model,
we conclude that the concept proposed in I of spin
reorientation as a function of iron content gives a
consistent description of the macroscopic and
microscopic magnetic properties of the system
that have been measured so far. Although there
are some minor discrepancies between experi-
mental and calculated quantities, it is felt that
these can be (at least qualitatively) explained in
terms of a dependence of the strength of the Fe-Mn
exchange coupling constant on the direction of the
Mn® ion spins. Quantitative determination of this
dependence, however, would require detailed cal-
culation of orbital overlap.

9
VT T T 1]
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—~ o 4 .
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o L
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3
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FeT CONCENTRATION, ¢

FIG. 9. Some parameters of the exchange field plotted
as functions of iron concentration. (a) Direction of the
exchange field at T=0, 6,,(0). (b) (1—c¢) sinfyg, at T =0,
assuming by, =04. (c) The anisotropy to exchange con-
stant ratio Ky /J’.

The results also indicate that, at least for the
magnetic interactions, the effect of covalency on the
single-ion wave functions can be adequately ac-
counted for by a reduction of quantities such as
A, (), and H,. It is not clear that the effects of
covalency on the electric quadrupole interaction
can be accounted for so readily, ** and work is con-
tinuing on this aspect of the problem.

There may be interest in further testing some
aspects of this model by inducing spin reorienta-
tions with applied magnetic fields. As a matter of
fact, some Mossbauer effect measurements were
carried out at 4.2 °K in applied fields up to 50 kOe

TABLE IV. Fe?* concentration dependence of exchange
parameters.

c 0oy (T=0) (= Oyg) (1-c¢) sin Gy Kyw/J’
0.002 80° 0.983 0.0038
0.004 75° 0.962 0.0052
0.0065 68° 0.921 0.0059
0.009 54° 0.802 0.0050
0.012 45° 0.699 0.0055
0.016 40° 0.633 0.0068
0.020 30° 0.490 0.0074
0.025 15° 0.253 0.0081
0.040 0° 0.000
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using the same powder samples as in the work re-
ported here. The resulting spectra, however,
were very complex and it would be extremely dif-
ficult to obtain any quantitative information from
them due to the fact that spin reorientations de-
pend on the orientation of the particular crystallite
in the applied field. All that was concluded from
these spectra was that, for ¢ =0.04, the applied
field did induce spin reorientations. Quantitative
information would require the use of single-crys-
tal samples. Single crystals would also enable the

absolute direction of the hyperfine field to be mea-
sured directly in zero applied field.
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