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ZERO AND APPLIED FIELD MOSSBAUER SPECTROSCOPY STUDIES OF 
STRONG AND WEAK FERROMAGNETIC INTERACTIONS IN INORGANIC 
AND ORGANOMETALLIC SOLIDS. 

William M. Reiff 
Department of Chemistry, Northeastern University, 
Boston, Massachusetts 02115. 

Abstract 
spectroscopy in the study of ferromagnetic interactions 
in the solid state is reviewed. 
factors relevant to magnetic hyperfine splitting and 
cooperative magnetic ordering for the 
transition of Iron-57 are presented. 
are then considered: (a) very strong ferromagnetic inter- 
actions in metallic a-iron, (T critical) - 1043K, (b) very 
weak ferromagnetic interactions, T (critical) - lK, for 
ionic fluorides of high spin iron 111, (c) studies of highly 
anisotropic 1D chain metamagnets with direct spectroscopic 

observation of magnetization of ferromagnetic 
chains in small external fields, and finally (d) slow 
paramagnetic relaxation and ferromagnetism in dimers based 
on the low-spin iron I11 (spin doublet) centers of 
decamethylferrocenium units. 

The use of zero and applied field Mossbauer 

The angular intensity 

I - 1/2 -> I - 3/2 
The following examples 

INTRODUCTION 
The study of magnetic interactions in solids has traditionally focused 
primarily on bulk susceptibility, magnetization, neutron diffraction, 
and heat capacity measurements. The discovery of the Mossbauer effect 
in 1958 has lead to an elegant and welcome spectroscopic technique for 
direct observation microscopic single ion and cooperative magnetic be- 

havior in solids with, of course, iron as an outstanding example. 
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392 WILLIAM M. RElFF 

this article, we briefly review some of the more salient features of 
iron-57 Mossbauer spectroscopy as relates to the study of slow paramag- 
netic relaxation and three-dimensional magnetic ordering of inorganic 
and organometallic solids having iron atoms as their paramagnetic metal 
ion centers. Our strategy is as follows. (A) We outline the basic 
features of magnetic hyperfine splitting (i.e. origins) owing to slow 
paramagnetic relaxation versus cooperative (three-dimensional) ordering 
phenomena. (B) Aspects of applied field Mossbauer spectroscopy are 
then considered. (C) Finally, a number of quite different examples of 
Mossbauer spectroscopy in the study of ferromagnets or dominant fer- 
romagnetic interactions are presented. 
application to a-iron, arguably the archetypical ferromagnet. This is 
followed by a number of more recent examples from this author's and co- 
worker's research. In all that follows, a basic familiarity with 
Nuclear Gamma Resonance (Kossbauer effect) spectroscopy is assumed. In 
any event, the reader is directed to a number of important 
resources11213 dealing with basic aspects of NGR. 

Firstly we consider its early 

ORIGINS OF NUCLEAR ZEEMAN SPLITTINGS 
I. BPDlication of E x t e r n U e t i c  Fields (H_) t o  Nuclei iq 

Otherwise D i m  aenetic En vironments 
This is, of course, the most obvious method for realizing nuclear 

Zeeman splitting and is of central importance to NMR (rf induced intra- 
spin manifold transitions) via either electromagnets (Ho (max) - 3.5 
Tesla) or significantly higher values of Ho through the use of supercon- 
ducting magnets. 
with Ho(max) - 9.1 Tesla at 4.2K. 
responds to - 390 mega Hz. 
nuclear moments4 (p1/2 - 0.0906 pN, 
(p1/2 - 2.7927 pN) seemingly large values of Ho such as the preceding 
are not particularly useful in producing spectroscopically resolvable 
(vis A vis Mossbauer spectra) nuclear Zeeman splittings except in cer- 
tain special cases to be considered subsequently. 

A primary example of their use is the %-Ti solenoid 

On a proton NMR scale, this cor- 
Since iron-57 has significantly smaller 

p3/2 - -0.1539pN) than the proton 
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ZERO AND APPLIED FIELD MOSSBAUER SPECTROSCOPY STUDIES 393 

11. Jntern a1 Hm-e Fields Arisine from an Atom's UnDaired 

Electron w. 
Since the ratio p(electron)/p(proton) is - 660, it is the atom's 

own electrons, by far, that have the greatest potential for producing 

internal hyperfine fields and concomitant large nuclear Zeeman split- 

tings that are readily resolved in typical NGR spectra, of say iron-57. 

The contributions to the internal hyperfine field are considered in some 

detail subsequently. 
phenomem intimately involving electron spin fluctuations, and magnetic 

exchange interactions that ultimately lead to very large (static) inter- 

nal hyperfine fields at NGR nuclei. 

Let it be said now that there are two dist inct 

These are: 

(a) Slow P a r w e t i c  Relaxation . This is basically a single ion 
effect requiring (a) low T (but not always), (2) dilution of paramag- 
netic ion centers and (3) zero field splitting of single ion electron 
spin Zeeman states. 

(b) CooDerative (3D) Maatetic Ordez which requires (1) "low kT" 
relative to the strength of magnetic exchange interactions, and (2) 
direct contact or atom-bridged (super) exchange pathways. Factors (1) 

and (2) lead to the "sudden" development of an internal molecular fie1 d 
(H,) such that d€$,/dT is usually large near Tcritical and where H,, 

results in large resolvable nuclear Zeeman splittings. These can be as 

large as 60T for high spin Fe3+ and are often accompanied by an anomaly 

in susceptibility (x,) vs T, magnetic heat capacity (C,) vs T, or the 
observation of "magnetic reflections" in neutron diffraction studies. 

111. Ufec tive magnetic fie&. 

In addition to the signsv6 of AE (the quadrupole splitting) it is also 
possible to determine the effective magnetic field (Heff) from perturbed 

Mossbauer spectra. This is of considerable use in iron coordination 

chemistry in that Heff may be related to features of electronic struc- 

ture such as oxidation and spin state as well as degree of covalency and 

nature of magnetic anisotropy. Measurement of effective magnetic fields 

also allows determination of the presence or absence of intramolecular 
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394 WILLIAM M. RElFF 

antiferromavnetisa in coordination systems that are otherwise magneti- 

cally dilute. 

specific exchange-coupled dimeric iron complex is discussed. 

This aspect will be considered in more detail when a 

In general, the effective magnetic field, Heff, at a Mossbauer 

nucleus is related to the applied field (H,) and internal hyperfine 

field (H,) by 

Heff Ho + % (1) 
We are interested in spectra of quadrupole split diamagnetic and rapidly 

relaxing paramagnetic systems as well as the cases of slow relaxation 

and pure Zeeman interaction which are considered first. The following 

situations arise where AE is the quadrupole splitting. 
(a) AE = 0, Hn z 0. In this instance, the characteristic six- 

line pure Zeeman pattern (Figure l(a),(b)) of a magnetically ordered 
iron system is observed. 

slowly relaxing paramagnet in the limit of infinitely long relaxation 

time between the components of its Kramers' doublets. 

respond to the normally allowed transitions (AMI - 0, +1) among the mag- 
netically split I = 1/2 ground and I - 3/2 excited states with magnetic 
field relaxation time long relative to the nuclear Larmor precession 

frequency. 

decreasing T is shown in several examples (vide infra). 

A similar spectrum is also observed for a 

The spectra cor- 

The growth of such spectra (in Ho - 0) as a function of 
(b) AE - 0, y1 - 0, Ho 0 and parallel to the 7-ray. This 

situation corresponds to an effective magnetic field equal to the ap- 

plied, as in the case of a diamagnet or a rapidly relaxing 

whose metal ions are in sites of cubic symmetry in the limit of large 

Ho. 
tions 2 and 5 vanish owing to their sin2 8 dependence.3 

tween the direction of 7-ray propagation and Ho is - for a lon- 
gitudinally (axially) applied field. The energy separation of transi- 

tions 1-6 is 3a + B and is, of course, proportional to the applied 
field. 

are the excited and ground state gyromagnetic ratios and BN is the 
nuclear magneton. For iron-57, the ratio B/a - g1/2/g3/2 has been 
determined4 

paramagnet 

The result is the spectrum of Figure l(c). One sees that transi- 

The angle 8 be- 

The quantities a - g3/2&H and B = glI2BNH where g3/2 and g1/2 

using Mossbauer spectroscopy and has the value - 1.715. The 
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ZERO AND APPLIED FIELD MOSSBAUER SPECTROSCOPY STUDIES 395 

--_-I-. 
Velocity (mrn/sec) 

Figure 1. Pure Zeeman Splitting. 

7 ground state -en etic ratio has been measured 
NMR and is 0.1828. 
known applied field, the total splitting 3a + /3 is determined. In the 
case o €  the standard Mossbauer calibrant a-iron, the splitting is 10.626 

mm/sec, corresponding to I$, - 330 kGauss. 
the saturated ferromagnetic state at ambient temperature. 

8 (AE - 10) diamagnetic absorbers such as K4Fe(CN)6 and TiFe alloy 
exhibit spectra such as that illustrated in Figure l(c) in large exter- 

niil (axial) fields. 

independently using 
Thus with the preceding values of a,@ etc. and a 

These numbers correspond to 
Single-line 

also 

( c )  AE - 0 ,  y l -  0, Ho z 0 and perpendicular to the 7-ray. The 

comments for this case are similar to those for case (2), except that 
ziansitions 2 and 5 are intensified relative to 1, 3 ,  4, and 6 which are 
all expected to be weaker from their l+cos2 dependence3 (Figure l(d)). 

(d) Combined Nuclear Zeeman and Quadrupole Splitting. 
Hn + 0, E + 0, Ho - 0 

'The spectrum in this case is like that of Figure l(a) except that 
the center of the inner four transitions is shifted toward lower or 
higher energy relative to the center of transitions 1 and 6 because of 
the non-zero quadrupole interaction. For axial symmetry this shift may 
be related to the angle 8 between l$, and the principal axis of V,, (the 
principal component of the electric field gradient tensor) by the 
relati'on : 3 
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396 WILLIAM M. RElFF 

S1 - S2 - -AE(3 cos2e - 1) (2 )  

where S1 is the separation of transitions 1 and 2 and S2 that of transi- 

tions 5 and 6, and AE is the quadrupole splitting determined from the 
paramagnetic phase. Thus for pure Zeeman splitting, as in Figures 
l(a)-(d), S1-S2 - 0 and a symmetric pattern is evident. 

IV. Contributions to the internal hvu erfine field 'l$.,l 
The large internal hyperfine fields exerted on the nuclei of atoms in 
exchanged-coupled cooperatively-ordered or slowly-relaxing systems ul- 
timately arise from the paramagnetism of the atom's electrons and can be 

divided into three components : 

(a) 
(b) HLa X L,> or HLQ <rm3>(g-2)<SZ> (the orbital moment 

(c) 

HSa (#,(0)2 - #4(0) 2 ) (the Fermi contact term); 

HDa <r-3 x 3 cos 2 e -IXS,> or alternatively HDa V,,/e<S,> 

contribution) and 

(the dipolar interaction). 

Thus, Heff - Ho + K, - Ho + Hs + HL + HD. It is seen that (1) is 
the result of an imbalance of " s "  electron Q and p spin density at the 
nucleus. This imbalance results from the polarization caused by the 
differential interaction of "s"(a) and "s"(,!?) with unDaired valence 
shell "d" and "f" electrons. On the other hand, (2) is directly related 

to the magnitude of orbital angular momentum (L) for a particular un- 
paired valence shell electron of radius r. It is clear that (3) is 
operative only for sites of less than cubic symmetry and is the result 
of a throwh mace interaction of the valence shell spin angular momen- 
tum with that of the nucleus. The terms HL and HD can either oppose or 
add to HS. For the case of iron, HS is - llT/unpaired electron (1T - 10 
kiloGauss). Thus for high spin iron 111, 6A ground term, in cubic sym- 
metry where L, HL, and HD are all - 0, limiting low temperature values 
of Hn ranging between 40 to 
11, somewhat smaller values of Hn (to - 35T) are observed owing to a 
combination of the smaller value of <S>, namely two, and the possibility 

of an orbital contribution, HL that generally opposes HS. 
Hn for any oxidation state is also related to variable covalency and 
delocalization effects depending on the ligands. 

60T can be observed. For high spin iron 

Reduction of 

This can lead directly 
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ZERO AND APPLIED FIELD MOSSBAUER SPECTROSCOPY STUDIES 397 

3 to delocalization of metal ion " S "  spin density and an increase of <r > 
for the valence shell electrons, These are effects that result in a 

decrease of any of H S ,  HL or HD in view of their respective equations. 
An additional effect leading to substantially reduced values of 
the so-called "zero point spin reduction" present in certain low dimen- 

sional magnetic systems. 

is 

9 

V. Ion Zero Field Sditt- Slow Par- 

Pelaxation versus COOD erative n r e e  D m  Ordey. 

Slow paramagnetic relaxation-hyperfine splitting is a dynamic 

single ion effect resulting in part from the zero field splitting of the 

ground (electronic) spin manifold. This is shown in Figure 2 for the 

6 ID1 MS = * 2 

4101 M s = * - $  + 41Dl 

Figure 2. Negative axial zero field splitting for high 
spin Fe(II1) 

spin sextet of high-spin iron 111. Since this is a Kramers ion, the 

ground state of the & ion must be the doubly degenerate MS - +1/2 
(D>O) or MS - +5/2 (XO) in zero applied magnetic field. 
the former is rapid while that in the latter as well as MS - +3/2 is 

slow. 

and neeative and at low temperatures. In this situation, the dominant 

relaxation mechanism is spin-spin relaxation (interatom exchange of Sz 

values) as opposed to spin-lattice that is more important to L z 0 ions 
such as high spin Fe2+. 

allow for rapid interatom spin flips via direct dipolar interactions 

(but not close enough for direct magnetic exchange or superexchange) 

there will be no spectral broadening even though a "slowly" relaxing (Ms 
- - +5/2) doublet is being populated. 
ions to distances typically 27.5 A (for high -spin FeIII) leads to 
longer spin-spin relaxation times whose reciprocal corresponds to a 

Relaxation in 

We will consider only the case of high spin iron I11 with D large 

If the metal ions are closely situated so as to 

However, dilution" of the metal 
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398 WILLIAM M. RElFF 

dynamic, temperature dependent frequency that eventually becomes com- 
parable to the Larmor precession frequency of the nuclear moment. 
This leads to the gradual development of a non-zero time averaged value 
of Hn and gradual Zeeman splitting of the Mossbauer spectrum as the MS - 
+5/2 doublet is progressively populated. One observes a single six line 
pattern in the limit of low T since the MS - +3/2 at 4D is little popu- 
lated when D is large. 

11 

The limitine (z ero field) 1 ow temDerature sDectr a CorresDonding to 
three dimensional magnetic orderine Dr ocesses (ant if erromaene t ism 
ferro- and r'errimametism) are eenerallv identical in awearance to 
those for slow relaxation. 
metal ion sites now corresponds to and is generally thought of as col- 
linear with a spontaneous magnetization developing in the bulk sample. 

The latter originates from exchange interactions (either direct e.g. 
a-Fe, or super-exchange e.g. a-FepOj) between the metal ions that become 
comparable to or greater than the thermal spin randomization effects as 
the temperature is decreased and a molecular exchange field develops. 
In general and in contrast to slow relaxation, the hyperfine splitting 
process occurs "suddenly" over a -at ure in terval reflecting 
the cooperative (usually second order) phase transformation nature of 
magnetic ordering. In addition, the internal hyperfine field is very 
temperature dependent in the vicinity of Tcritical and only levels off 
as magnetic saturation is reached at low temperatures, often as T -> 
0°K. 

The difference is that Hn at the individual 

The Nee1 or Curie temperature as measured via extrapolation of 
Hn -> 0 is usually in reasonable agreement with susceptibility results. 
Actually, at values for critical temperatures as determined by more 
precise methods such as classical measurements of the temperature de- 
pendence of magnetic heat capacity, Mossbauer spectra sometimes exhibit 
a substantial pon-zero value of H,,. 
here. The dimensionality of magnetic order (1, 2, or 3 )  is related to 
the so-called "critical exponent" which can be determined from fits to 

functions such as: 

This problem is not dealt with 

Hn(T)/H,,(OoK) - B(Tc - 'UB/Tc ( 3 )  
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ZERO AND APPLIED FIELD MOSSBAUER SPECTROSCOPY STUDIES 399 

in temperature ranges as close as feasible to (Tc-T) - 0 where fi 
critical exponent. 

ordering may not be sharp but can actually be spread over larger tem- 

perature intervals as exemplified in finely divided superparamagnetic 

materials or highly defect structures. 

spectra are observed in these cases. Finally, no hyperfine splitting 

may occur even though other techniques give clear evidence of magnetic 

order. This is rare but can occur when the various contributions to Hn, 
namely HS, HL, HD fortuitously cancel e.g. as for the case of anhydrous 
ferrous chloride for which magnetic susceptibility studies clearly indi- 

cate TNBel - 23 K. 

is the 

It should be mentioned that hyperfine splitting and 

Rather characteristic Mossbauer 

VI. In tensities - S w  Crvstal St udiea 

So far, all of the discussion has referred to the Mossbauer 

spectra of isotropic, polycrystalline powders or powders whose paramag- 

netic moments are polarized to the direction of an applied fleld, Ho. 
We now focus on oriented single crystals in zero and non-zero magnetic 

fields. For convenience throughout the rest of this section, should a 

field be applied, it will either be longitudinal (axial) i.e. parallel 

to the direction of gamma ray propagation, Ey or transverse i.e. perpen- 

dicular to Ey. The orientation will then refer to the angle (e) between 
the easy axis or Dlane of maenetization and Ey for a three dimensionally 

ordered material. Hopefully, the foregoing axes will be collinear with 

a convenient laboratory crystallographic axis of a favorable unit cell, 
e.g. orthorhombic or tetragonal. As with other spectroscopies, the 

utility of the Mossbauer effect is significantly enhanced when applied 

to single crystal samples and this will be seen for the example of 
Fe2O3.I2 

Mossbauer spectra for single crystal samples through the use of a 

polarized, magnetically ordered gamma ray source, e.g. a magnetic a-Fe 

foil matrix onto which C057 activity has been electroplated and then 

subsequently annealed to the interior. 

spin level ultimately leading to the 14.4 kev I - 3/2 Mossbauer excited 
gamma ray level of iron-57 is populated by the electron capture decay of 

CoS7: 

spectra is beyond the scope of the present article. 

In addition, one can also determine -13 gamma ray 

(The I - 5/2 precursor nuclear 

CoS7 + e- -> Fe57. In any event the subject of polarized NGR 
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400 WILLIAM M. RElFF 

For the transitions of the polycrystalline powder form of a 3D- 
ordered ferro- or antiferro-magnet and thus a random orientation of mag- 
netic domains in zero applied field, one expects the familiar 

3:2:1:1:2:3 pattern of integrated intensity as in Figure lb. 
for Ey 
netization (Ho again equal to zero) one sees 3:0:1:1:0:3 (Figure lc) or 
3:4:1:1:4:3 (Figure Id) respectively. 
mally forbidden or of very low intensity and are not considered further 
herein. 
tions for a number of specific examples is considered subsequently. 

Otherwise 

parallel or perpendicular to an easy axis (or plane) of mag- 

The AMI - 22 transitions are nor- 
The application of these results in obtaining useful correla- 

VII. Bivh Field M ossbauer SDectra of Ordered Systems and 
petermination of Th e Three Dime-1 Gr ound State. 
(a) Bntiferro- We shall now show how the determination of 

Mossbauer spectra in external fields can aid in distinguishing type of 

magnetic order present, i.e. the nature of the 3D-ordered ground state, 
even for polycrystalline samples. 
tiferromagnet is the two sublattice - Ndel magnet in which the 
magnetization and internal hyperfine field of one sublattice %(a) is 
antiparallel to and exactly opposes that of the other % ( a ) .  
dom wrystalline DO wder form of such a uniaxial antiferr omamet at T 
C TN, one expects little if any effect from an applied field (H,) on its 
Mossbauer spectrum. That is, for a thin absorber, an approximate 
3:2:1:1:2:3 intensity pattern in maintained and the average effective 
Zeeman-splitting (Heff) is unchanged, where Heff - Ho + Hn. 
observes transition broadening owing to the distribution of angles of 
sublattice magnetizations with respect to Ho. 
provided Ho is less than HSf, the so-called Spin-flop field field at 
which a first order Dhase transformation corresponding to the flopping 
of the spins to a direction normal to Ho occurs. 

diagrams are shown in Figure 3. 
of the uniaxial (collinear Ndel) antiferromagnet, a-Fe203, in zero field 
or in a longitudinal field such that Hoasf and applied along the easy 
axis, the,AMI - 0 transitions have zero intensity, i.e. a 3:0:1:1:0:3 
pattern is observed (Figure 4). 
tice magnetic hyperfine fields, Hn(a), and % ( a ) .  

Probably the simplest type of an- 

For a ran- 

One simply 

The preceding is the case 

The appropriate phase 
Note that for the sinel e crvstal f o rm 

Ho is parallel to the opposing sublat- 

Thus the hiehest and 
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ZERO AND APPLIED FIELD MOSSBAUER SPECTROSCOPY STUDIES 401 

. .  

T TN 

Figure 3. 
Uniaxial Antiferromagnet. 

Phase Diagrams for a 

Figure 4. 
aFep03 at 4.2 K with Ho - 0; 
b) Ho - 65 KOe; c) Ho - 66 KOe; 
d) Ho - 70 KOe. 

Spectra of Single Crystal 

lowest velocity transitions of the spectrum are normally observed to be 

split into symmetric doublets corresponding to the addition of Ho to one 

of the antiferromagnetic sublattices, say %(a) and subtraction of Ho 

from the other, Hn(B) (Figure 4b). 

ting vanishes and the intensity pattern changes to 3:4:1:1:4:3 in accord 

with the angular components of the selection rules for 8 - 90 (Figure 

4d for single crystal a-Feq03). 

is now observed since at the stage of Figure 4, Ho > Hsf. 

into" the spin-flop phase where is perpendicular to %(a) and 

Hn(p ) .  

in some portions of the single crystal. 

that the transitions just above and below zero velocity have broadened 

considerably relative to 

doublets. 

not as sensitive to Ho as the outer AMI - +1 transitions. 
tinuous second order antiferro to "paramagnetic" phase transition of a 

uniaxial antiferromaget (bottom of Figure 3) can also be observed when 

Ho is perpendicular to the easy axis. 
T phase diagram of an ordered antiferromagnet can be mapped using 

For Ho 2 HSf, the foregoing split- 

Note that only (six line) spectrum 

We are "well 

From 4b, it is evident that spin flopping has already occured 

In addition, Figure 4b shows 

4a (Ho - 0) but are not observed to split into 
Clearly the energies of the inner AMI - +1 transitions are 

The con- 

It is clear that the entire H B. 
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402 WILLIAM M. RElFF 

Mossbauer spectroscopy. This has been done for the single crystal forms 
of metamagnetics such as FeCl2m2H20, FeC12 and more complex systems such 
as spiral spin structures, e.g. FeC13. 13 

(b) 3D-Ferromaenets. Three dimensional ferromagnets are decidedly 
rarer than antiferromagnets. Nevertheless, they are fundamentally less 
complex than the latter in that they can be generally viewed as sinele 
lattice systems with all spins parallel. 
large susceptibility even at temperatures slightly above TCurie. Thus, 
unlike antiferromaenets , relatively small values of Ho lead to substan- 
tial magnetization and effective internal fields just above TCurie (vide 
infra). 
Mossbauer spectra below TCurie. 
ready polarization for polycrystalline powders, foils, or unoriented 
single crystals and domain alignment parall el to H- and %. 
observes 3:0:1:1:0:3 spectral patterns reminiscent of Figures lc for 
axially applied external fields. However, in contradistinction to an 
antiferromagnet with Ho parallel, the easy axis, one never sees more 
than four transitions since there is only one magnetic lattice, namely 
the field oriented and now extensive domain of parallel spins. 

There is typically a very 

Ferromagnets also exhibit rather characteristic high field 
Relatively small axial fields lead to 

Thus one 

For later reference, we conclude this section by mentioning the 
obvious but important fact that transverse applied fields (Ho(l)) 
generally have the opposite effect of that produced via longitudinal 

fields (Ho(ll)). 
will correspond to w u t i  on of the AMI transitions. 
ferromagnet, Ho(ll) leads diminution of the AMI - 0 transition while 
Ho( ) results in enhancement. 

Thus the spin flop transition of an antiferromagnet 
In the case of a 

APPLICATIONS TO FERROMAGNETIC MATERIALS 
The primary thrust of this symposium is the properties of high- 

spin and ferromagnetic materials. Hence, we conclude this article with 
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SPEED (rnrn/rsc) 

Figure 5. 
Temperature dependence of the Mossbauer 

spectrum of (Fe-57) isotopically enriched 
iron metal foil in the immediate vicinity 
of T(Curie) - 1045 K (with permission 
from Ref. 4). 

Figure 6. 
Temperature dependence of the Mossbauer 

spectrum of (Fe-57) isotopically enriched 
iron metal foil from above T(Curie) to 
ambient temperature (with permission 
from Ref. 4). 

several applications of nuclear gamma resonance spectroscopy to 
materials having dominant ferromagnetic exchange interactions. 

I. Strong Ferromagnetic Interaction (a-Fel 
Zero field Mossbauer spectra illustrating 

metallic iron are shown in Figures 5 and 6. In 
were foils - 0.001 inch thick and enriched with 
abundance (-2.2%) to 53.6% thus leading to line 

the magnetic ordering of 
this work4, absorbers 
iron-57 from normal 
broadening. The rapid 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
55

 1
9 

Fe
br

ua
ry

 2
01

3 



404 WILLIAM M. RElFF 

growth of a molecular field is evident with €$, - 33T at ambient tempera- 
ture. 
33.8T. 
cellent agreement with determinations (770C) via other methods. The 
ferromagnetism of this material is consistent with high field spectra 
determined by this author and shown in Figure 7 for a thin ( 0.2 m i l )  
natural abundance iron metal foil absorber. The near 3:2:1:1:2:3 inten- 
sity pattern for the spectrum at 2933 (Figure 7-top) corresponds to an 
essentially random array of ferromagnetic domains relative to E On 
the other hand, spectrum at the bottom of Figure 6 indicates significant 
magnetization (in Ho - 0) in the plane of the foil, i.e. normal to E7 . 

In AMI - 0 transitions (arrows-Figure 7) have all but disappeared 

Thus the material is essentially saturated since €$, (4.2K) - 
The Curie temperature, T,, is found to be 1045K (-772C) in ex- 

7 '  

at Ho - 2.5T. This is consistant with a ferromagnetic 

d- Fe 

ground state such 

0 00 

2 00 

4.00 

6 00 

VELOCITY (mrn/sec) RELATIVE TO IRON 

Figure 7. Some high field Mossbauer spectra for 
natural abundance (Fe-57) iron foil, 
(W.M. Reiff previously unpublished data). 
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that the domains are polarized parallel to Ho and therefore E 
it typically requires an Ho value varying from 2 to 3T to fully polarize 
a given foil's moments is the result of a combination of the operation 

of an opposing demagnetizing field (-2.2T for a-Fa) and expenditure of 
energy to overcome the anisotropy energy associated with ferromagnetic 

domain rotation and boundary movement. Finally (after complete 

magnetization), the overall splitting of the spectrum at the bottom of 

Figure 7 indicates a decrease of effective internal field relative to Ho 
- 0. 
internal hyperfine field, (H Fermi-contact) is negative relative to Ho. 

That 
7 '  

This results from the fact that the primary contribution to the 

11. break Ferr 0 w e t i c  Interactions - Ionic Fluorides of Hieh - S D ~  

Fee 
We now go from the very strong (direct) magnetic exchange of a-Fe 

to weak super-exchange exhibited in ionic fluorides of high-spin iron 

I11 and recently studied by this author. The exchange involves close 

contacts of delocalized spin density between [ FeF6] 3 -  or [ FeF5*H20] 2- 
polyhedra via hydrogen bonds or lithia bridging. 

(1) K2FeF5*H20 

The structure of this material is shown in Figure 8 while per- 
tinent Mossbauer spectra are given in Figure 9 .  Clearly, K2FeF5*H20 is 

K2Feh.  H20 K2FeG. H20 

a9 000 

0 50 

Figure 8 .  . .  
Local structure and hydrogen bonding ' -12 -8 -4 0 4 e 12 

' ' ' ' ' ' ' ' ' ' ' ' ' 

of K2FeF5*H20. VELOCITY (rnrn/s) RELATIVE TO IRON 

Figure 9 .  
Sample spectra for K2FeF5*H20 in the 
He-3 range. 
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406 WILLIAM M. RElFF 

ordered and exhibits a low field spin-flop in a transverse field of - 1 
T for T < TN ( 0.9 K). diminution of the AMI - 0 transitions). 
This agrees with a 3D-AF ground state suggested by a susceptibility 
study.14 Above TN, the field dependence is quite different and suggests 
the possibility of substantial ID-antiferromagnetic correlation. 

(Note: 

( 2 )  p-Li3FeF6 
We have found15 that B-Li3FeF6 orders near 1.15 K as shown via 

zero field Mossbauel: spectroscopy. 
(squid results at H, - 30 to 2 K; not shown) suggest some type of fer- 
romagnetic behavior (e - 
though we do not reach TCurie by the susceptibility route. 
detailed susceptibility study is necessary. 
verse field sDectra at 0.51 K (Figure 10) and 0.33 K (not shown) - -  i.e. 
well below TCurie - -  show clear polarization of the sample moments (for 
a random powder sample) perD endicula to the direction of 7-ray propaga- 

The preliminary susceptibility data 

+ 1 K and a very rapid rise in moment) al- 
Clearly more 

In any event, the trans- 

000 

I 0 0  

VELOCITY (mmhl RELATIVE TO IRON 

Figure 10. Sample spectra for p-Li3FeF6 in the 
He-3 range. 
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tion fully consistent with a 3D-ferromagnetic ground state. (Note: 
Enhancement of the AMI - 0 transitions). This behavior is not only un- 

expected but the exchange interactions are surprisingly strong relative 

to, say, K2FeF5*H20 which has hydrogen bonding (Figure 8). 
exchange in O-Li3[FeF6] is likely transmitted (and apparently effi- 

ciently) through LiF4 tetrahedra (2/9 of the total Li) that bridge the 
ferric octahedra. l6 It might be expected that 

somewhat lower temperature in view of its ferric ion bridging entirely 

via LiF6 octahedra implying weaker individual Li-F bonds. Additional, 

detailed studies of both the a and @ forms of Li3FeF6 are in progress. 

111. A 1D-IsinF F e r r o m a a  - 

The magnetic 

a-Li3[FeF6] orders at a 

We now briefly turn to [ (CH3)3NHJFeC13*2H20, hereafter FeTAC17, a 

one dimensional Ising chain ferromagnet pictured in Figure 11. The 

Oa 

0 
Figure 11. Articulation of the trans(FeC14(H20)2) 

unit in the chain structure of 
[(CH3)3NIFeCl3*2H20 (FeTAC). 

intrachain ferromagnetic exchange is large (J/kb = +17 K). 
tially weaker (antiferromagnetic) interchain exchange leads to 3D order 

at - 3.1 K. 
chloride anions and tri-methylammonium cations. 

ments show the material to be metamagnetic with Ho(critical) - 90 Oe. 

A substan- 

The chains as pictured are diluted by uncoordinated lattice 

Magnetization measure- 

Some Mossbauer spectra (polycrystal sample) showing the three- 

dimensional magnetic ordering of FeTAC are given in Figure 12. 

an abrupt transftion to a three-dimensionally ordered state just below 

3.2 K, in quite good agreement with the magnetic susceptibility measure- 

ments. 

perature of ordering as indicated by susceptibility. 

that this broadening is the result of single ion slow paramagnetic 
relaxation phenomena - -  that is, a negative zero field splitting of the 

There is 

The spectrum at 3.5 K shows initial broadening above the tem- 
It is possible 
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408 WILLIAM M. RElFF 

single ion spin quintet manifold leading to a slowly relaxing ms - +2 
ground Kramers doublet. 
soliton effects (moving domain boundaries in the present context) in a 
one-dimensional magnet just above the critical ordering temperature. 18 

Such broadening can also be the result of 

J'"'''"''' 
0.00- 

2.00- 

4.00- 

'\ 

I " , ' ' '  
-6 - 4  -2 0 2 4 6 

VELOCITY (mm/s) RELATIVE TO IRON 

Figure 12. 
Mossbauer spectra of FeTAC, top (3.5 K, 
Ho - O), middle (1.64 K, Ho - 0 ) ,  
bottom (3.15 K, Ho - 300 Oe). 

t DMFclf [C,lCN),12- 

Figure 13. 
Schematic of the 2:l charge transfer 
polymer [ DMFC] 2+[ C4( CN) 61 2- . 

FeTAC readily magnetizes on application of very small fields 
betraying the strong ferromagnetic nature of its intrachain exchange. 
This is seen in the spectrum at 3.15 K in a transverse applied field of 
only 300 Oe (bottom of Figure 12). The resulting spectrum has a value 
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of internal hyperfine field and degree of resolution and magnetic 
saturation that are comparable to the zero field spectrum taken at 1.64 
K, Hinternal - 20T (middle of Figure 12). 
K gives clear evidence of a large quadrupolar shift (vide infra) and 
perturbation of the hyperfine split spectrum; in fact the spectrum is 
reminiscent of many ferrous systems 19,20 in which eight transitions are 
actually present (AMI - +2 transitions weakly allowed). 

The limiting spectrum at 1.64 

IV. Ferrom aeneticallv C ouDled D U  
We conclude with some observations for some new 2:l 

cation: polycyanide dianion phases21 whose charge transfer polymer struc- 
ture is shown in Figure 13 for the exampie of [DMeFcI2+(C4(CN6)l2-. The 
material contains a dianionic polycyanide species. 
pendence of its Mossbauer spectra is clearly unprecedented and to our 
knowledge, is the first example in which hyperfine splitting grows, 
reaches a maximum intensity and then, with further decreasing tempera- 
ture, totally vanishes. 

[ DMeFc] 2+[ C4(CN)6] 2- as is pictured in Figure 13, corresponds to 

The temperature de- 

parallel chains of pairs of Dec&ethylEerrosenium cations alternating 
with single C4(CN)62- anions. 
Mossbauer spectrum at 300 K (Figure 14, top) incontrovertably confirms 
the fact that all iron is present as low-spin Fe(III), i.e. decamethyl- 
ferrocenium cations (ferrocene and decamethylferrocene formally contain 
iron(I1) and always exhibit well resolved quadrupole doublet spectra AE 
> 2mm/sec). Thus from electrical neutrality considerations and the 2:l 
stoichiometry confirmed by x-ray structure determinations, the 
hexacyanobutadiene moiety must be present as a dianionic species, 
C4( CN) 62-. 

Its characteristic singlet Fe-57 

The Mossbauer spectra that we now present strongly suggest unusual 
dynamic behavior and the presence of a novel triplet species in 
[DM~Fc]~+[C~(CN)~]~- for ferromajzneticallv couDled dimeric cation Pairs. 
Sample spectra are shown in Figures 14 and 15. On gradual cooling, slow 
paramagnetic relaxation-broadening and hyperfine splitting develop with 
maximum intensity and resolution for the hyperfine background occurring 
at - 10 K. However, and to our surprise, below this temperature the 
strong central singlet of the rapidly relaxing paramagnetic phase begins 
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410 WILLIAM M. RElFF 

to p~phl again until a singlet reminiscent of 300 K is all that remains 
at 0.53 K. 
shows the emergence of two hyperfine patterns suggesting either iron 
site inequivalence perhaps resulting from a Jahn-Teller distortion or 
other phase transformation in this temperature region. 
likely possibility is that there is a unique i r o n ( I I I )  environment; 

however, multiple Zeeman splitting patterns are observed as the result 
of highly anisotropic magnetic hyperfine interactions. 
that the observed behavior has been reproduced and is entirely revers- 
ible. In addition, it is also found for other dianion species such as 

Closer examination of the spectra in the vicinity of - 25 K 

Another and more 

We emphasize 

CG(CN)~~- and b-c,(cN)~~- as Well 88 the 8 = 0 cO(III) diluted 

L . . . . . . . . . . . . . . . . . . . . . . . .  ' 
- I L l h l M I - 1 . ~ . L - r . - L - L - l . ~  1. a. L & Z L 1. L L l&l l . lZ .  

b 

T m 0.53 K 

H;f5f kG V 
i 4 . - 7 . ~ . - r - r . - r . - z . - i . n  I. Z. 1. 1. L L 7. L L 10. 

VELOCITY (mmhoc) RELATIVE TO IRON 

Figure 15. 
Some transverse fie d spectra for 

[ DMFC] 2+[ c4( CN) 61 !!- at 0.53 K. 

VELOCITY (mm /wc) RELATIVE TO IRON 
Figure 14. 
Sample spectra showing the growth and 
vanishin 
[DMeFcIq [C&(CN)61 * 

of hyper ine splitting for 8 I -  
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analogs. The "inequivalence" (not resolved in the broadened singlet at 

0.53 K; compare the tops of Figures 14 and 15) is clearly resolved again 
in a transverse applied field spectrum at 0.53 K as shown in Figure 15, 
bottom. The limiting gross intensity pattern (Ho - 15.1 kG) is exactly 
as predicted for a rapidly relaxing paramagnet or diamagnet whose sites 

have been induced to slowly relax by the applied field and polarized so 

that their magnetization is perpendicular to the direction of gamma ray 

propagation. 

measured at 30 G, 300 G and 3000 G with the same result, m D l e "  

paramaenetism but very non-Curie-Weiss behavior. We observe DO m aximum 
in the temperature dependence of the magnetic susceptibility for any 

value of applied field to as low as 30 G. 

The susceptibility of the present 2:l system has been 

The explanation of our observations for the 2:l cation:dianion 
phases is  suggested by the structure of these systems, i.e. one contain- 

ing cation Dairg (Figure 13). At sufficiently low temperatures, such 

pairs can act as magnetic exchange coupled dimerg. The "magnetic" 

literature is full of such s - 1/2, s - 1/2 dimers, particularly stotal - 0 (singlet) ground state gntiferromagnetically coupled dimers of 
slolol= 0 

s m + * s * i  +rs,910, ,,(FMsl* t i  

U,;O 

Figure 16. Ferromagnetic coupling and axial zero 
field splitting for s - 1/2 pairs. 

Cu(I1). For such AF dimers, a in the temperature dependence of 

the magnetic susceptibility (xm) is typically observed and is theoreti- 
cally predicted. 

singlet-triplet separation being 2 J. 
terized examples of stotal - 1 ground state (J > 0) ferromagnetically 
coupled dimers for which a simplified (spin only) energy level diagram 

is given in Figure 16. 

[DMFCI2+ pairs. 

(positive) zero field split to an excited ms(total) - +1 and a true 
ms(total) - 0 ground state, as shown on the right side of Figure 16. 

The exchange interaction J is negative with the 
These are, however, well charac- 

This is undoubtedly the case for the present 

Such a dimer's stotal - 1 (nominal) ground state can be 
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412 WILLIAM M. RElFF 

Large zero-field splittings of this type can result from the highly 
anisotropic magnetic exchange operative in these systems. Decreasing the 
temperature for such a system would then initially lead to population of 

the 9-g x ms(total) - 21 (since Ams(total) - 22 electronic 
transitions are highly forbidden) and hyperfine splitting via slow 
(intra and inter) dimer paramagnetic relaxation. Ultimately exclusive 
population of the nonmagnetic ms(total) - 0 ground state would occur at 
very low T. Concommitant with the latter would be the vanishing of all 
hyperfine splitting effects as observed. 

our observations, J positive dimers are wt exDecte d to exhibit a m a x i -  
mum in y m. 
C6(CN)62' - hexacyanotrimethylene cyclopropane) are clearly worthy of 
further detailed study. 
continued collaboration with Dr. Joel S. Miller and colleagues of E.I. 
du Pont de Nemours and Co., Inc. Co., C.R.W., Wilmington, DE. In par- 
ticular, we are performing detailed fits to the temperature dependence 
of the susceptibility using the Bleaney-Bowers equation to arrive at J 
(intra-dimer). 
ture dependence of heat capacity for (DM~Fc)~+C~(CN)~~' and the cor- 
responding isomorphous diamagnetic cobalticinium analog. A Schottky 
anomaly should be evident in C versus T after subtraction of the lattice 
contribution. 

Finally, and consistent with 

This system and the related [DM~Fc]~+[C~(CN)~]~- (where 

Such study is currently underway in a fruitful, 

We hope to determine D values via study of the tempera- 

The author is pleased to thank Dr. Joel S. Miller for the invita- 
tion to the present symposium. 
laboration with Dr. Chris Landee (Clark University) on the study of 
FeTAC and Dr. Jian Hua Zhang, perhaps his most productive recent 
graduate student. 
State Chemistry Program is continually appreciated. 

He also wishes to acknowledge his col- 

Finally the recent past support of the NSF-DMR Solid 
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