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Magnetic dipolar effects in the spin-cluster resonance spectra of†„CH3…3NH‡FeCl3"2H2O
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Electron magnetic-resonance~EMR! spectra observed at liquid-helium temperatures in the one-dimensional
Ising ferromagnet@~CH3!3NH#FeCl3•2H2O result from transitions within the first excited set of cluster states.
Improved fits of the EMR data in the range 10–35 GHz are presented both with and without the inclusion of
the magnetic dipolar interaction within a ferrous chain. In the absence of spin canting, an expression indepen-
dent of the chain length is derived for the matrix elements of the dipolar interaction. Justification for the
omission of spin canting is obtained from the rotational behavior of the 17-GHz spectrum, which supports a
canting angle of less than 10°.
e-
s

n
K.

9
g
-
hi

ec
ia

ar

es
A
,

s
ha
ts

en
st

o
o
ac
tr

t
e
4

se

ties
ns.
om
g

in-

ce
of
I. INTRODUCTION

The compound @~CH3!3NH#FeCl3•2H2O ~known as
FeTAC! is, below 20 K, a good example of a on
dimensional Ising ferromagnet.1 The well-separated chain
of ferrous ions extend in theb direction of the crystal, which
is the easy axis of magnetization. Weak interchain excha
causes a transition to a higher dimensional state at 3.11,2

The metamagnetic phase diagram has a critical field of
Oe, which is well below the fields at which electron ma
netic resonance~EMR! occurs in this material in the micro
wave range. The Ising form of the exchange coupling wit
a chain is a consequence of the isolation of the groundMs
562 pseudodoublet of each single ferrous ion. In an eff
tive S5 1

2 representation, the Ising exchange Hamilton
may be written

Hex52S2JSi
zSi 11

z . ~1!

The elementary excitations of an Ising spin system
localized spin reversals, known as spin clusters.3,4 For a
closed ring ofN spins, the first set of excited cluster stat
lies at an energy 2J above the ferromagnetic ground state.
member of this set containsn neighboring reversed spins
and is known as ann fold spin cluster, with 0,n,N. The
second cluster set, containing two separated clusters, ha
citation 4J; the third, containing three separated clusters,
excitation 6J, and so on. For a linear chain with end effec
low degeneracy intermediate states of excitationsJ, 3J, etc.,
are also present.5

EMR in FeTAC at liquid-helium temperatures has be
interpreted in terms of transitions between adjacent clu
levels of the first excited set.6–8 A simple model, containing
only Ising exchange and Zeeman terms, would lead t
single EMR line. However, the observed spectra are m
complicated, showing four inequivalent magnetic sites, e
of which gives a spectrum of many lines. The EMR spec
of the four inequivalent sites coincide in theb direction,
where a sharp resonance line is observed below 20 K on
high-field side of a satellite structure, which is unresolv
below 10 GHz. As the frequency is increased from 10 to
GHz, the satellite spectra are characterized by a decrea
PRB 610163-1829/2000/61~17!/11259~4!/$15.00
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the number of lines and increases in both their intensi
relative to the high-field line and their mean separatio
These features are illustrated in Fig. 1, which is taken fr
Rubins et al.9 An additional weak satellite line, appearin
above the high-field line~see spectrab and d!, was not ex-
plained.
The spectra of Fig. 1 were explained quantitatively by
cluding the following phenomena:

~i! an internal magnetic field, which lowers the resonan
field of each satellite line by a fixed amount independent
both frequency and line position;

~ii ! a zero-field splitting of theMs562 pseudodoublet by

FIG. 1. EMR spectra at 3.6 K withH parallel to the chain axis
and microwave frequencies of~a! 35.6 GHz,~b! 25.0 GHz,~c! 17.6
GHz, and~d! 12.4 GHz~taken from Rubinset al., Ref. 9!.
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the low-symmetry components of the crystal field, whi
leads to the satellite structure.

In addition, the temperature dependence of the 25 GHz s
trum between 3.0 and 4.3 K has been explained by a ran
distribution of chain lengths.10

While the agreement between experiment and theory
been satisfactory, there remain other factors which should
taken into account. Two such factors are spin canting, wh
according to Greeneyet al.1 should be appreciable, and th
magnetic dipolar interaction between neighboring ferro
ions, resulting from the high effectiveg value in thez direc-
tion and the proximity of the neighboring ferrous ions on
chain. Consideration of these two factors is the main purp
of this paper. Following a review of the theory of Rubin
et al.,9 a theoretical derivation of the dipolar contributions
presented in Sec. II, and the fit of the data is reanalyzed
Sec. III, the omission of spin canting in the earlier section
justified on the basis of a recent experimental study of
angular behavior of the EMR spectrum of FeTAC.

II. THEORY

Exchange in FeTAC is dominated by the indirect intera
tions between neighboring ferrous ions on a chain. In
effective spin-12 representation, the exchange interaction is
the Ising form given in Eq.~1!, where the summation is ove
a single chain and the exchange constant 2J/kB'135 K.1 If
not too short, each chain produces the same spectrum.9

For a hypothetical chain in the form of a closed ring, t
eigenstates of Eq.~1! are highly degenerate sets of spi
cluster states with excitations 2 mJ relative to the ferrom
netic ground state, wherem is the number of separated clu
ters on the ring. Each member of the first excited cluster
(m51) contains a singlen fold spin cluster with 0,n,N,
whereN is the number ferrous ions on the chain. Since
spin positions on a ring are distinguishable, there is anNfold
degeneracy associated with each value ofn. Members of the
second excited cluster set (m52) containpfold and qfold
spin clusters, which are separated from each other. In
practical case of finite linear chains, intermediate levels
excitation (2m11)J occur if there is a reversed spin at on
end of a chain.5 However, the lower lying cluster sets of th
type have very low degeneracies, and so may be igno
Restricting our considerations to long chains containing f
reversed spins, which is the practical situation encountere
the interpretation of the EMR spectra of FeTAC,10 we may
assume themth excited cluster set to have a degeneracy
the orderNm.

Each cluster set is split by an external magnetic field
we neglect spin canting~see Sec. IV!, the crystallographicb
axis is thez axis for each ferrous ion, so that the Zeem
interaction for a single chain may be written12

Hze5gzmBHeffSS1
z , ~2!

wheregz'8 in the spin-12 representation, and

Heff5H2H int . ~3!

where H int is an internal field of several hundred oerste
Relative to the Zeeman energy of the ferromagnetic gro
state, those of the cluster states are proportional to the
c-
m
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number of reversed spins on the chain.DM561 transitions
are allowed between states belonging to the neighbo
Zeeman levels of a given cluster set. In this approximation
single EMR line would occur at a resonance fieldHo given
by

hn5gzmB~Ho2H int!, ~4!

wheren is the microwave frequency. Equation~4! gives the
resonance field of the high-field line of the FeTA
spectrum,7,8 which is the strongest line in spectra~c! and~d!
of Fig. 1.

The satellite structures observable in Fig. 1 were
plained by the addition of a zero-field splitting term9

Hzfs5DsSS1
x , ~5!

which describes the low-symmetry components of the cry
field of a non-Kramers ion in aS5 1

2 representation.13 With
basis states within the first excited spin-cluster set given
the cluster sizen, the nonzero matrix elements of Eq.~5! are

^nuHzfsun61&5Ds/2. ~6!

The observed EMR spectra are associated with the tra
tions (n↔n11) between states associated with adjac
cluster levels. The satellites result from the energy shifts p
duced by the off-diagonal elements of Eq.~6! between states
of lowest and highestn ~although the contributions of the
latter are negligible, since states of highn are relatively un-
populated!. The main line, which occurs at the resonan
field Ho , is a composite arising~for largeN! from transitions
between the many states of intermediaten. By solving the
Hamiltonian matrices for values ofN up to 60, Sohn11 ob-
tained the excellent fit of the data shown in Fig. 2 with t
values

FIG. 2. A plot of resonance field against microwave frequen
is shown for the FeTAC data at liquid-helium temperatures forH
parallel to the chain axis. The experimental data, given by
circles, were taken at 3.6 K, except for the 10-GHz point, wh
was obtained at 4.2 K. The solid lines represent the theoretical fi
the data for chain sizesN between 30 and 60 obtained by Soh
~Ref. 11!.
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H int5337 Oe, gz58.20, Ds /kB53.43 K. ~7!

These values represent a better fit than the ones quote
Ref. 9 and shown in Fig. 2 of that paper.12

Although an excellent fit of the data has been obtain
without its inclusion, a more realistic theory should inclu
the intrachain dipolar contribution because of the proxim
of neighboring ferrous ions and the high value ofgz . The
procedure we shall follow is to calculate the matrix eleme
of the dipolar interaction and then redetermine the value
the zero-field parameterDs needed to fit the data. The valu
2J/kB'33 K was obtained from the intensity dependence
the high-field line on temperature.

We begin by estimating the dipolar field at a site in whi
a ferrous ion changes its state during the transition (n↔n
11). The situation for the hypothetical case ofn52 is il-
lustrated in Fig. 3, where arrows pointing to the right rep
sent spins parallel to the external field. If the latter is para
to the easy axis and spin canting is ignored, then the int
hain dipolar field at thei th spin of an Ising ferromagnet is o
the form

Hdip
i 56(

j
2m/r i j

3 , ~8!

wherem5gzmB/2 and the1 and2 signs refer, respectively
to spins aligned parallel and antiparallel toH. For thekth
nearest neighbor,r i j 5kro , wherer o53.68 Å is the separa
tion of nearest-neighbor ferrous ions.1 The quantity 2m/r o

3 is
approximately 1.5 kOe for FeTAC.

In order to evaluate the summation of Eq.~8! for a typical
cluster withn!N, we assume that the cluster is not near
end of a chain. The dipolar field at the site of the spin reo
enting during the transition (n↔n11) is then given by

Hdip
n 5~4m/r o

3!Sk23, ~9!

so that

Hdip
n 5Hdip

n111~4m/r o
3!~n11!23. ~10!

Thus the net effect of the dipolar interaction is to move
EMR spectra to lower fields by amounts which decrease w
increasingn. The lower limitk5n11 in Eq. ~9! occurs be-
cause contributions of thenfold spin cluster on one side o
the reorienting spin are cancelled by then nearest spins on
the other side~see Fig. 3!. The more distant neighbors o
both sides of that spin contribute dipolar fields parallel toH,
giving an additional factor of 2 in Eq.~9!. The upper limit

FIG. 3. An n↔n11 spin-cluster transition withn52 is illus-
trated schematically for the case in which the ferrous spin labelc
is reversed. The two closest spins on either side of c, labeled a,
and e, produce cancelling fields at spin c. Thus the noncance
contributions to the dipolar field at c begin with its third neare
neighbors, justifying the lower limit ofn11 in the summations of
Eqs.~9! and ~13!.
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k5n8 may be chosen arbitrarily to ensure that the sum of
contributions fork.n8 is negligible.

In order to redetermineDs , we calculate the matrix ele
ments of the dipolar HamiltonianHdip within the first excited
cluster set. The dipolar energy may be written

Wdip52m.Hdip56DdSSk23, ~11!

where

Dd5~gzmB!2/2r o
3. ~12!

The positive and negative signs are used in Eq.~11! when
the i th and j th spins are, respectively, parallel and antipar
lel. The value ofDd /kB for FeTAC is 0.42 K.

In general, the dipolar energy for a given value ofn de-
pends on both the chain sizeN and the position of the cluste
on the chain. However, the fact that the satellite lines
clearly delineated indicates that neither of these factor
important for the cluster states of lowestN. We seek a result
independent ofN by calculating the dipolar energies relativ
to the ferromagnetic ground-state (n50) for an arbitrary
value ofN.

As illustrated in Fig. 3, the difference in energies betwe
the cluster statesn and n11 results from the reversal of
single spin. Denoting the dipolar energies of the two sta
Wn andWn11 , Eq. ~11! gives

Wn115Wn24DdSk23. ~13!

The factor 4 in Eq.~13! arises both from the energy increa
in reversing a spin and from the fact that the summation
Eq. ~11! is performed in both directions along the chai
Since the transition fields involve energy differences on
the ground-state energyW0 may be chosen to be zero. The
using Eqs.~11! and ~13!, we may write the nonzero matrix
elements ofHdip as

^nuHdipun&5Wn . ~14!

If just the leading term in the summation of Eq.~15! is re-
tained, then the approximate resultWn54Dd /(n11)3 again
shows the relative importance of the dipolar interaction
transitions involving the cluster states of lowestn.

The matrix elements shown in Eqs.~6! and~14! give rise
to a tridiagonal Hamiltonian matrix,9 which was solved by
Sohn11 for values ofN of up to 60. Using the calculated
value

Dd /kB50.42 K. ~15!

He obtained a fit of the EMR data essentially indistinguis
able from that shown in Fig. 2, for the values

gz58.20, H int5337 Oe, Ds /kB53.32 K. ~16!

Comparison with Eq.~7! shows thatDs is reduced by just
3% when dipolar coupling is included. The very small effe
of the dipolar term in obtaining the fit is basically a cons
quence of the fact thatDd!Ds . Both perturbations have
their largest effects on the outermost transition~for which
n51!.
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III. DISCUSSION

Although found to occur in FeTAC,1 spin canting has
been ignored in the preceding calculations. In FeTAC, thz
axes of the ferrous ions on a chain alternate in direction, e
axis making an angleuc ~the canting angle! with the easy
axis ~the chain direction!. In the absence of canting, the e
fects of the intrachain dipolar interaction on the EMR spec
are given by the diagonal matrix elements of Eq.~14!. With
spin canting, nonzero off-diagonal matrix elements of t
dipolar interaction would be introduced, while the magn
tudes of the diagonal elements would be reduced. For c
ing angles of appreciably less than 10°, their effects on
EMR spectrum should be unimportant. On the other hand
the 30° canting angle deduced from Mossbauer data
Greeneyet al.1 is correct, the calculations of the precedin
sections would require appreciable modification.

We have estimated the maximum magnitude of the ca
ing angle by investigating orientational dependence of
EMR spectra at 4 K, since each distinct ferrous site would
general give rise to a separate spectrum. For reasons of
metry, one would expect the different spectra to have
same principalg values but different principal axes, with
each individualz axis making an angle of magnitudeuc with
the chain axis~or crystallographicb axis!.

Ravindran’s original 9 GHz study showed a movement
higher fields, but no splitting of the high-field line into com
ponents, on rotation of the magnetic field away from t
chain axis.6 In our measurements at 17 and 36 GHz, mov
ments of both the high field and satellite lines to high
fields, as well as line-splittings were observed on rotation.
all frequencies, the EMR spectra moved rapidly above
12-kOe limit of our magnet as the crystallographic ac pla
was approached.

Our rotational observations were made on the high-fi
line at 4.2 K and 17.1 GHz, with the crystal mounted on
face containing theb axis. This choice of frequency was
compromise between spectral resolution, which increa
with frequency, and the relative intensity of the high-fie
line, which decreases with increasing frequency~see Fig. 1!.
At this frequency, a rotation of 15° from the chain axis
either direction caused a fully resolved splitting of the hig
field line into two components of similar magnitude. F
rotations of over 20°, a further splitting of the upper comp
l
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nent was observed, which was probably a result of a sli
crystal alignment. However, the latter splitting was useful
establishing that at least four inequivalent ferrous sites
present in FeTAC, which is the same as the number of
equivalent cuprous sites observed in the related compo
CuTAC.13

Since the effectiveg values of ferrous single-ion ground
state in the spin-12 representation are approximatelygz58
andgx ,gy50,9 theg value for an angular rotationu from the
chain axis is given approximately byg(u)5gz cosu. If gb
represents theg value in the chain direction, making an ang
uc with the truez axis of the ferrous spectrum, then thi
relationship becomes

gb5gz cosuc ~17!

with gb58.2. For the canting anglesuc55, 10, 15, 20, and
30°, Eq.~17! gives the valuesgz58.2, 8.3, 8.5, 8.7, and 9.5
respectively. Only the first two values are realistic, since t
value ofgz for the MS562 doublet of Fe21 ion should not
be very much larger than 8 in a spin-1

2 representation. Also,
the larger values ofuc might be expected to lead to extrem
in directions sufficiently removed from the chain axis t
show resolved field minima.

From the 17-GHz rotational data, the angular rotationum
of a resonance field minimum from the chain axis in th
plane of measurement has been estimated to be (461)° in
either direction. Since this angle leads to ag-value maximum
in this plane only 0.24% higher thangb , its only effect on
the observed spectrum is to produce a slight broadening
the line on either side of the chain axis. Further experimen
work is needed beforeuc may be calculated from this result
However, if the projections of thez axes of the four ferrous
sites onto the ac plane of the crystal are assumed to be
similar to those for Cu21 in CuTAC,14 then a canting angle
of about 6° is obtained. Thus we conclude that our vario
estimates of the magnitude ofuc give a value sufficiently
small to justify its omission from the calculations of the tw
preceding sections.
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