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Magnetic dipolar effects in the spin-cluster resonance spectra df(CH3);NH JFeCl;-2H,0
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Electron magnetic-resonan@eMR) spectra observed at liquid-helium temperatures in the one-dimensional
Ising ferromagnef (CHg)sNH]FeCkL-2H,0 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°.

[. INTRODUCTION the number of lines and increases in both their intensities

relative to the high-field line and their mean separations.

The - compound [(CH3)sNH]FeCL-2H,0 (known as These features are illustrated in Fig. 1, which is taken from
FeTAQ is, below 20 K, a good example of a one-

dimensional Ising ferromagnétThe well-separated chains Rubins et al An additional weak satelite line, appearing
of ferrous ions extend in thie direction of the crystal, which above the high-field linésee spectrd andd), was not ex-

) . o . : lained.

is the easy axis of magnetization. Weak interchain exchang$he spectra of Fig. 1 were explained quantitativelv by in-

causes a transition to a higher dimensional state at 3: K. 8Iuding the foIIowi?lQ phenomenpa' q y by

-gée vr\?}’ﬁtimizgvr\]lgltllCbglhoi\il\?ethila}iger%r: a?ta\?vhe:cﬁngfeagt::)er:drr?aflgg- (i) an internal magnetic field, which lowers the resonance
' S . . field of each satellite line by a fixed amount independent of

netic resonanc€EMR) occurs in this material in the micro- both frequency and line position:

wave range. The Ising form of the exchange coupling within™ .. ; - T

a chain is a consequence of the isolation of the grouMind (if) a zero-field splitting of thé;= =2 pseudodoublet by

=+ 2 pseudodoublet of each single ferrous ion. In an effec-

tive S=3 representation, the Ising exchange Hamiltonian

may be written

Hex=—322JSS ;. D . ()

The elementary excitations of an Ising spin system are
localized spin reversals, known as spin clustérszor a
closed ring ofN spins, the first set of excited cluster states J
lies at an energy 2 above the ferromagnetic ground state. A
member of this set contains neighboring reversed spins,
and is known as an fold spin cluster, with &Zn<<N. The
second cluster set, containing two separated clusters, has ex-
citation 4J; the third, containing three separated clusters, has
excitation &), and so on. For a linear chain with end effects, ()
low degeneracy intermediate states of excitatiyd], etc.,
are also present.

EMR in FeTAC at liquid-helium temperatures has been
interpreted in terms of transitions between adjacent cluster L
levels of the first excited s&t® A simple model, containing
only Ising exchange and Zeeman terms, would lead to a
single EMR line. However, the observed spectra are more
complicated, showing four inequivalent magnetic sites, each
of which gives a spectrum of many lines. The EMR spectra . : . " L
of the four inequivalent sites coincide in the direction, H (kOe)
where a sharp resonance line is observed below 20 K on the
high-field side of a satellite structure, which is unresolved FIG. 1. EMR spectra at 3.6 K withl parallel to the chain axis
below 10 GHz. As the frequency is increased from 10 to 4Cand microwave frequencies ¢d) 35.6 GHz,(b) 25.0 GHz,(c) 17.6
GHz, the satellite spectra are characterized by a decrease @GHz, and(d) 12.4 GHz(taken from Rubin®t al, Ref. 9.
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the low-symmetry components of the crystal field, which
leads to the satellite structure. 35

In addition, the temperature dependence of the 25 GHz spec-
trum between 3.0 and 4.3 K has been explained by a random
distribution of chain length¥’

While the agreement between experiment and theory has
been satisfactory, there remain other factors which should be
taken into account. Two such factors are spin canting, which
according to Greenegt al® should be appreciable, and the
magnetic dipolar interaction between neighboring ferrous
ions, resulting from the high effectivgvalue in thez direc-
tion and the proximity of the neighboring ferrous ions on a
chain. Consideration of these two factors is the main purpose y
of this paper. Following a review of the theory of Rubins _;
et al,? a theoretical derivation of the dipolar contributions is ,,t,gq;?/i'/,'
presented in Sec. Il, and the fit of the data is reanalyzed. In /
Sec. lll, the omission of spin canting in the earlier sections is 1 / 7 3 y
justified on the basis of a recent experimental study of the H (kOe)
angular behavior of the EMR spectrum of FeTAC.

v (GH2)

15

FIG. 2. A plot of resonance field against microwave frequency
Il. THEORY is shown for the FeTAC data at liquid-helium temperaturesHor
parallel to the chain axis. The experimental data, given by the
Exchange in FeTAC is dominated by the indirect interac-circles, were taken at 3.6 K, except for the 10-GHz point, which
tions between neighboring ferrous ions on a chain. In amwas obtained at 4.2 K. The solid lines represent the theoretical fit of
effective spinj representation, the exchange interaction is ofthe data for chain size between 30 and 60 obtained by Sohn
the Ising form given in Eq(1), where the summation is over (Ref. 11.
a single chain and the exchange constahikg~ + 35 K. If
not too short, each chain produces the same spectrum.  humber of reversed spins on the chailM = +1 transitions
For a hypothetical chain in the form of a closed ring, theare allowed between states belonging to the neighboring
eigenstates of Eq(1) are highly degenerate sets of spin- Zeeman levels of a given cluster set. In this approximation, a
cluster states with excitations 2 mJ relative to the ferromagsingle EMR line would occur at a resonance fiélg given
netic ground state, whera is the number of separated clus- by
ters on the ring. Each member of the first excited cluster set
(m=1) contains a singl@ fold spin cluster with <n<N, hv=g,us(Ho—Hin, )
whereN is the number ferrous ions on the chain. Since thewhere v is the microwave frequency. Equatiof) gives the
spin positions on a ring are distinguishable, there iftold ~ resonance field of the high-field line of the FeTAC
degeneracy associated with each value.dflembers of the spectrum7,'8 which is the strongest line in spect@ and(d)
second excited cluster seinE&2) containpfold and gfold of Fig. 1.
spin clusters, which are separated from each other. In the The satellite structures observable in Fig. 1 were ex-
practical case of finite linear chains, intermediate levels oplained by the addition of a zero-field splitting tétm
excitation (dn+1)J occur if there is a reversed spin at one
end of a chain.However, the lower lying cluster sets of this Hys=ALSS), 5)

type have very low degeneracies, and so may be |gnore(\1,\./hich describes the low-symmetry components of the crystal

Restricting our considerations to long chains containing fe ield of a non-Kramers ion in S= 1 representatios® With
reversed spins, which is the practical situation encounteredv;B ) o ) —2 1ep o
asis states within the first excited spin-cluster set given by

the interpretation of the EMR spectra of FeTAOye may : :
assume thenth excited cluster set to have a degeneracy oithe cluster size, the nonzero matrix elements of H§) are

the orde™. - o (N Hydn 1)=A42. )
Each cluster set is split by an external magnetic field. If
we neglect spin cantingsee Sec. 1V, the crystallographi® The observed EMR spectra are associated with the transi-
axis is thez axis for each ferrous ion, so that the Zeemantions (h—n+1) between states associated with adjacent
interaction for a single chain may be writtén cluster levels. The satellites result from the energy shifts pro-
duced by the off-diagonal elements of Ef) between states
Hze=9zieHer> ST, (2)  of lowest and highesh (although the contributions of the

latter are negligible, since states of higlare relatively un-
populated. The main line, which occurs at the resonance
Hor=H—Hjn. 3) fieldH,, is a composite arisingor IargeN) from transitions
between the many states of intermediateBy solving the
where H;,, is an internal field of several hundred oersted.Hamiltonian matrices for values i up to 60, Sohh' ob-
Relative to the Zeeman energy of the ferromagnetic groundhined the excellent fit of the data shown in Fig. 2 with the
state, those of the cluster states are proportional to the totaklues

whereg,~8 in the spinj representation, and
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> S e e->—>—>->> N=2 k=n' may be chosen arbitrarily to ensure that the sum of the
A contributions fork>n’ is negligible.
In order to redetermind g, we calculate the matrix ele-
ments of the dipolar Hamiltonia ;, within the first excited

v
> > << >>>-> N=3 cluster set. The dipolar energy may be written

a b c d e

FIG. 3. Ann—n+1 spin-cluster transition witln=2 is illus- Weip= — u-Hgip=+ D22k ’, 1D
trated schematically for the case in which the ferrous spin labeled
is reversed. The two closest spins on either side of c, labeled a, b,
and e, produce cancelling fields at spin c. Thus the noncancelling

&vhere

— 2/93
contributions to the dipolar field at ¢ begin with its third nearest Dg=(gzus) /2. (12)
neighbors, justifying the lower limit ofi+1 in the summations of . . . .
qu 9) ané(m;_y 9 The positive and negative signs are used in @d4) when

theith andjth spins are, respectively, parallel and antiparal-
o _ _ lel. The value ofD4/kg for FeTAC is 0.42 K.
Hin=337 Oe, 9,=8.20, As/kg=3.43 K. (7) In general, the dipolar energy for a given valuenodle-

These values represent a better fit than the ones quoted pends on both the chain sikeand the position of the cluster
Ref. 9 and shown in Fig. 2 of that papér. on the chain. However, the fact that the satellite lines are

Although an excellent fit of the data has been obtainedtlearly delineated indicates that neither of these factors is
without its inclusion, a more realistic theory should includeimportant for the cluster states of lowedt We seek a result
the intrachain dipolar contribution because of the proximityindependent oN by calculating the dipolar energies relative
of neighboring ferrous ions and the high valuegf. The to the ferromagnetic ground-stat@=£0) for an arbitrary
procedure we shall follow is to calculate the matrix elementssalue of N.
of the dipolar interaction and then redetermine the value of As illustrated in Fig. 3, the difference in energies between
the zero-field parameteX needed to fit the data. The value the cluster states andn+1 results from the reversal of a
2J/kg~33 K was obtained from the intensity dependence ofsingle spin. Denoting the dipolar energies of the two states

the high-field line on temperature. W, andW, ,, Eq.(11) gives
We begin by estimating the dipolar field at a site in which
a ferrous ion changes its state during the transitios- 6 W, 1 =W,—4D Sk 3. (13

+1). The situation for the hypothetical casero£2 is il-
lustrated in Fig. 3, where arrows pointing to the right repre-The factor 4 in Eq(13) arises both from the energy increase
sent spins parallel to the external field. If the latter is parallein reversing a spin and from the fact that the summation of
to the easy axis and spin canting is ignored, then the intrad=q. (11) is performed in both directions along the chain.
hain dipolar field at théth spin of an Ising ferromagnet is of Since the transition fields involve energy differences only,
the form the ground-state enerd¥, may be chosen to be zero. Then,
using Egs.(11) and (13), we may write the nonzero matrix
Hidip: tZ 2,u/rf}, ) elements ofHy;, as
]

whereu=g,ug/2 and the+ and— signs refer, respectively, ([ Haipl) =W (14
to spins aligned parallel and antiparallel kb For thekth If just the leading term in the summation of EG5) is re-
nearest neighbor,; =kr,, wherer,=3.68A is the separa- tained, then the approximate resw,=4D,/(n+1)* again
tion of nearest-neighbor ferrous ioh3he quantity 2:/r3is  shows the relative importance of the dipolar interaction for
approximately 1.5 kOe for FeTAC. transitions involving the cluster states of lowest

In order to evaluate the summation of &8) for a typical The matrix elements shown in Eq$) and(14) give rise
cluster withn<N, we assume that the cluster is not near theto a tridiagonal Hamiltonian matrikwhich was solved by
end of a chain. The dipolar field at the site of the spin reori-Sohrt! for values of N of up to 60. Using the calculated

enting during the transitionn¢—n+1) is then given by value
— 3 -3
Haip=(4n/rg) k3, ©) Dy/kg=0.42K. (15)
so that : , . C
He obtained a fit of the EMR data essentially indistinguish-
Hiip=Han "+ (4ulrd)(n+1) 3. (100  @able from that shown in Fig. 2, for the values
Thus the net effect of the dipolar interaction is to move the 9,=8.20, H;,=337Oe, A /kg=3.32K. (16)

EMR spectra to lower fields by amounts which decrease with

increasingn. The lower limitk=n+1 in Eq.(9) occurs be- Comparison with Eq(7) shows thatA is reduced by just
cause contributions of thifold spin cluster on one side of 3% when dipolar coupling is included. The very small effect
the reorienting spin are cancelled by thenearest spins on of the dipolar term in obtaining the fit is basically a conse-
the other sidgsee Fig. 3 The more distant neighbors on quence of the fact thab <A,. Both perturbations have
both sides of that spin contribute dipolar fields paralleHto their largest effects on the outermost transitior which
giving an additional factor of 2 in Eq9). The upper limit n=1).
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. DISCUSSION nent was observed, which was probably a result of a slight
crystal alignment. However, the latter splitting was useful in
establishing that at least four inequivalent ferrous sites are

C%resent in FeTAC, which is the same as the number of in-
equivalent cuprous sites observed in the related compound
CuTAC?H

Since the effectivay values of ferrous single-ion ground

Although found to occur in FeTA&,spin canting has
been ignored in the preceding calculations. In FeTAC,zhe
axes of the ferrous ions on a chain alternate in direction, ea
axis making an anglé, (the canting anglewith the easy
axis (the chain direction In the absence of canting, the ef-

fects of the intrachain dipolar interaction on the EMR spectraState in the spirk representation are approximateiy=8
are glven_by the diagonal matrix element_s of Etgh. With andg,,g,=0,. theg value for an angular rotatioffrom the
spin canting, nonzero off-diagonal matrix elements of the X'y

dipolar interaction would be introduced, while the magni—Cham axis 1S given a_lpprOX|ma_ter_ tg(g)=gzco_sa. If gy
epresents thg value in the chain direction, making an angle

tudes of the diagonal elements would be reduced. For cané; with the truez axis of the ferrous spectrum. then this
ing angles of appreciably less than 10°, their effects on theg® " . P '
i{;elatlonshlp becomes

EMR spectrum should be unimportant. On the other hand,
the 30° canting angle deduced from Mossbauer data by g,=9,c0s6 (17)
Greeneyet all is correct, the calculations of the preceding bz ¢
sections would require appreciable modification. with g,=8.2. For the canting angle4.=5, 10, 15, 20, and
We have estimated the maximum magnitude of the cant30°, Eq.(17) gives the valueg,=8.2, 8.3, 8.5, 8.7, and 9.5,
ing angle by investigating orientational dependence of theespectively. Only the first two values are realistic, since the
EMR spectra at 4 K, since each distinct ferrous site would invalue ofg, for the M= +2 doublet of F&" ion should not
general give rise to a separate spectrum. For reasons of syfe very much larger than 8 in a spjrepresentation. Also,
metry, one would expect the different spectra to have thehe larger values ob. might be expected to lead to extrema
same principalg values but different principal axes, with in directions sufficiently removed from the chain axis to
each individuak axis making an angle of magnitude with show resolved field minima.
the chain axigor crystallographid axis). From the 17-GHz rotational data, the angular rotatiign
Ravindran’s original 9 GHz study showed a movement toof a resonance field minimum from the chain axis in the
higher fields, but no splitting of the high-field line into com- plane of measurement has been estimated to kel(4 in
ponents, on rotation of the magnetic field away from theeither direction. Since this angle leads tg-salue maximum
chain axis? In our measurements at 17 and 36 GHz, move-in this plane only 0.24% higher thag),, its only effect on
ments of both the high field and satellite lines to higherthe observed spectrum is to produce a slight broadening of
fields, as well as line-splittings were observed on rotation. Athe line on either side of the chain axis. Further experimental
all frequencies, the EMR spectra moved rapidly above thevork is needed beforé, may be calculated from this result.
12-kOe limit of our magnet as the crystallographic ac planeHowever, if the projections of the axes of the four ferrous
was approached. sites onto the ac plane of the crystal are assumed to be the
Our rotational observations were made on the high-fieldsimilar to those for C#™ in CuTAC!* then a canting angle
line at 4.2 K and 17.1 GHz, with the crystal mounted on aof about 6° is obtained. Thus we conclude that our various
face containing thé axis. This choice of frequency was a estimates of the magnitude @ give a value sufficiently
compromise between spectral resolution, which increasesmall to justify its omission from the calculations of the two
with frequency, and the relative intensity of the high-field preceding sections.
line, which decreases with increasing frequefsse Fig. 1
At this frequency, a rotation of 15° from the chain axis in
either direction caused a fully resolved splitting of the high-
field line into two components of similar magnitude. For  This work was supported in part by National Science
rotations of over 20°, a further splitting of the upper compo-Foundation Grant No. DMR-99-74273.
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