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The polarized Raman spectra of CsCo;_,Fe,Cl; crystals have been measured at 4 K over the
range 20—1400 cm~! for x=0.02 and 0.06. Spectral features arising from first-order scattering
from Fe?* electronic excitations have been identified and the effective Co**-Fe?* exchange interac-
tion determined from a crystal-field fit to energy levels of the T, (°D) term of an Fe** ion in a tri-
gonal site with spin-orbit and exchange interactions. This exchange interaction has, in turn, been
used to identify additional features in the spectra associated with broken-chain Co’* electronic exci-
tations and with double excitation of Co?*-Fe?* pairs. Scattering by the Co?* full-chain magnon
and 300-cm ™! exciton has been studied over the temperature range 3—40 K and is discussed in rela-
tion to the competing one-dimensional magnetic alignments in CsCoCl; (antiferromagnetic Ising)
and CsFeCl; (ferromagnetic X-Y). The effect of x on electron-phonon coupling for the E;; phonon

is also discussed.

I. INTRODUCTION

Cesium trichlorocobaltate (CsCoCl;) and cesium tri-
chloroferrate (CsFeCl;) are both known to exhibit pro-
nounced one-dimensional (1D) magnetic behavior at low
temperature.!~® At sufficiently low temperatures
CsCoCl; orders three dimensionally and is a fully ordered
ferrimagnet for T <TH=8.5 K and a partially ordered
antiferromagnet for T <Ty=20.8 K.*° On the other
hand, CsFeCl;, which has a singlet ground state, exhibits
no long-range magnetic order for temperatures as low as
0.8 K, except in the presence of an applied magnetic field
B>3.8 T.”° These crystals are isomorphic'®~!? to
CsNiCl,;, which has a hexagonal structure!® (space group
P6;/mmc with Z =2) comprising linear chains of face-
sharing NiCl¢*~ octahedra lying along the c axis, these
chains being separated by the large Cs™ ions. Distortion
of the octahedra gives a trigonal site symmetry (D3,) for
each Ni?t ion. For both CsCoCl; and CsFeCl; the ex-
change interaction between the divalent transition-metal
ions along the c-axis chain is much larger than the inter-
chain exchange, giving rise to the 1D magnetic behavior.
There is, however, an important contrast between the two
compounds, in that for CsCoCl; the preferred spin align-
ment is along the c axis, giving a 1D Ising-like antifer-
romagnet,”? while for CsFeCl; the intrachain interaction
is ferromagnetic with the preferred spin alignment per-
pendicular to the chain axis.5~® Previous work on mixed
crystals of this type has been confined to the
CsCo,_,Mg,Cl; system,'*~!7 in which the cobalt chains
are diluted by substitution of diamagnetic Mg?* ions.
Features of the Raman scattering arising from single
Co** ions, Co?**-Co?* pairs, and broken-chain Co?* ions
were identified" in addition to the magnon, exciton (full-
chain Co?%), and phonon structure of pure CsCoCl;. The
spin-wave response has also been determined by inelastic
neutron scattering.!” An unusual concentration depen-
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dence of the E,-phonon scattering [at 118 cm~! in pure
CsCoCl; (Ref. 3)] has been noted.!* Short- and long-range
magnetic ordering of this magnetically dilute system has
been investigated using linear birefringence and NMR
techniques.!®

We report here the first study of dilution of the cobalt
chains in CsCoCl; with another paramagnetic ion (in this
case, up to 6 at. % Fe?*). This work forms part of a sys-
tematic study of the effect of various transition-metal
dopants (M) in CsCoCls;, using Raman scattering as a
probe of both the magnetic structure and the low-energy
electronic excitations of each CsCo;_,M,Cl; system.
The appropriate intrachain exchange interaction may be
obtained from a crystal-field analysis of the observed elec-
tronic structure. In addition, study of the temperature
dependence of magnon and exciton scattering gives infor-
mation concerning the interchain exchange and certain as-
pects of electron-phonon coupling in these systems.

The format of the paper is as follows. The experimen-
tal method and results are described in Secs. II and III,
followed by a detailed analysis and discussion of the vari-
ous aspects of this study in Sec. IV and a concluding sum-
mary of the results in Sec. V.

II. EXPERIMENT

Boules of CsCo;_,Fe,Cl; typically 10 mm in diameter
and 50 mm long were grown from the melt in quartz am-
poules using the Bridgman-Stockbarger method. Samples
were prepared by cleaving the boules under a dry nitrogen
atmosphere and were mounted in a Thor S500
continuous-flow cryostat, where the sample is cooled by
conduction and helium exchange gas. The crystal ¢ axis
(or Z direction) was identified from the intersection of
{1120} cleavage planes. The cleaved surfaces were of
good optical quality and required no further polishing.

Raman scattering measurements were carried out in the
90° scattering geometry, X (— —)Y, with the Y direction

366



chosen normal to a [1120] cleavage plane and with the in-
cident laser beam close to the crystal surface to maximize
the Raman signal. The spectra were excited with 100 mW
of filtered argon-laser radiation at 476.5 or 496.5 nm.
The 496.5-nm laser line gave a stronger signal for the
Fe?* electronic scattering than the 476.5-nm line used by
Johnstone et al.'*! in their study of CsMg;_,Co,Cl;.
The surface temperature of the crystal was monitored us-
ing a gold-iron—Chromel thermocouple and laser heating
of the sample was estimated to be less than 2 K. The
scattered light was analyzed using a Polaroid filter,
dispersed with a Spex 14018 double monochromator at a
spectral resolution of 2.9 cm~! at 476.5 nm (2.7 cm~! at
496.5 nm) and detected with a cooled RCA 31034A pho-
tomultiplier, all spectra being recorded under computer
control.'8

The actual samples used in the two experiments were
analyzed for cobalt and iron content by inductively-
coupled-plasma atomic-emission spectroscopy and found
to have x values of 0.0174+0.0008 and 0.061+0.001.
Small concentration gradients were evident within the
boules, and for the purpose of discussion these crystals
will be referred to as x=0.02 and 0.06, respectively.
Trace amounts of manganese (about 0.2 at. %) and nickel
(about 0.1 at. %) were also detected in both samples, but
we believe these other impurity levels to be too low in
comparison to the iron to have given rise to any of the ob-
served spectral features.

III. RESULTS

The polarized Raman spectra of CsCo,_,Fe,Cl; at 4
K, for x =0.02 and 0.06 and for shifts of up to 1400
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cm™!, are presented in Figs. 1—3. For comparison, the

spectrum of CsCoCl; recordered under similar conditions
is also given in these figures. The pattern of CsCoCl;
phonon scattering [56 cm ™! (E%,), 138 cm™! (Egg), 189
cm ™! (E$,), and 265 cm ™' (4 ,); cf. Ref. 14] is clearly re-
peated in the Fe-doped crystals with only minor frequency
shifts. The magnon and coupled magnon-phonon (E,)
scattering in the (70—125)-cm™! region of the X(ZX)Y
spectrum is also evident for x =0.02 and, to a lesser ex-
tent, x =0.06, indicating that these levels of Fe doping
may modify, but do not completely destroy, the magnetic
ordering of the Co®* ions at 4 K. There is evident, how-
ever, a considerable modification of other features of the
spectrum, particularly in X(ZZ)Y polarization, with
much extra scattering throughout the energy range stud-
ied, including prominent new peaks at 48.5, 61.0, 225.0,
and 2745 cm™!. In Sec. IV we interpret these extra
features as electronic scattering from Fe’* ions in the
presence of an exchange field or from Co?* ions per-
turbed by adjacent Fe’* ions. That the extra scattering is
electronic rather than vibrational in origin is supported by
the observed temperature dependence of the scattering.
The 4-K and 50-K X (ZZ)Y spectra for x =0.02 are com-
pared in Fig. 4, where it is seen that at 50 K the extra
scattering is weaker than at 4 K compared to the intensity
of the 4,, phonon, in line with the intensity variation of
the Co?* electronic scattering. Furthermore, none of the
new features correlate with the reported Raman-active
phonon frequencies'® for CsFeCl;. Apart from the Ej,
phonon [at 143.5 cm ™! in CsFeCl; (Ref. 19) compared to
118 cm~! in CsCoCl; (Ref. 3)], the CsFeCl; Raman-
active phonons are about 5 cm ™! lower in frequency than
the corresponding CsCoCl; phonons.
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FIG. 1. Low-frequency Raman spectrum of CsCo,_,Fe,Cl; measured at 4 K using 476.5-nm exciting light for x =0 and 0.02
[X (YX)Y polarization], and 496.5 nm for x =0.02 [X(ZZ)Y and X(ZX)Y polarizations] and 0.06. The arrows mark laser-plasma-

emission lines. Note the scale changes used for some spectra.
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FIG. 2. Intermediate-frequency Raman spectrum of CsCo,_,Fe,Cl; measured at 4 K for x =0.02 and 0.06, and at 10 K for

x =0. The laser lines used were 476.5 nm for x =0 and 0.02 [ X (YX)Y polarization], and 496.5 nm for the other spectra. The arrow

marks a laser-plasma-emission line. Note the scale changes used for some spectra.

The temperature dependence of the X (ZX)Y scattering
in the (70—130)-cm ! region of the CsCoCl; magnon and
Eg-phonon scattering is shown in Fig. 5 over the ranges
3—40 K for x =0.02 and 3—20 K for x =0.06. A de- cm™
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crease in the CsCoCl; three-dimensional magnetic phase-
transition temperatures with increase in Fe’* concentra-
tion is evident. The Co?* full-chain exciton near 300
! was also studied in detail over the range 3—25 K

FIG. 3. High-frequency Raman spectrum of CsCo,_,Fe,Cl; measured at 4 K for x =0.02 and 0.06, and at 10 K for x =0. The

laser lines used were 476.5 nm for x =0 and 496.5 nm for x =0.02 and 0.06. Note the scale changes used for some spectra.
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FIG. 4. Temperature dependence of the Raman spectrum of
CsCoy gsFep.0;Cl;s recorded in X(ZZ)Y polarization using a laser
wavelength of 476.5 nm. The arrows mark laser-plasma-
emission lines.

for the x =0.02 crystal, and some results are presented in
Fig. 6. The variations with temperature in the frequency,
linewidth, and integrated intensity of this feature are
presented in Fig. 7. Within the experimental uncertainty
the integrated intensity of the weak shoulder appearing in
the high-energy wing of this exciton scattering in X (YX)Y
polarization was independent of temperature over the
range studied. A similar weak feature is seen in CsCoCl;
in this polarization. The 300-cm~! exciton in the
x =0.06 crystal decreased rapidly in intensity with in-
creasing temperature over the range 4—20 K.
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FIG. 5. Temperature dependence of the Co?*-ion magnon
feature in the Raman spectrum of CsCo,_,Fe,Cl; recorded in
X (ZX)Y polarization using a laser wavelength of 496.5 nm.
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FIG. 6. Temperature and polarization dependences of the
Co?*-ion exciton feature near 300 cm ! in the Raman spectrum
of CsCoyp ggFep ,Cl; recorded using a laser wavelength of 476.5
nm.
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FIG. 7. Temperature dependences of the peak frequency (w),
full width at half maximum (y), and integrated intensity (1) of
the Co’*-ion exciton near 300 cm~'. The data were obtained
from spectra recorded in X (ZX)Y polarization using laser wave-
lengths of 496.5 nm (®) and 476.5 nm (O), and in X (YX)Y po-
larization using a laser wavelength of 476.5 nm (O).
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IV. DISCUSSION

A. Temperature and concentration dependences of Co**
magnon and 300-cm ™! exciton scattering

The magnon spectra of Fig. 5 give some information on
the effects of the added Fe** ions on the magnetic proper-
ties of CsCoCl;. The 3-K spectrum for x =0.02 is similar
to the 10-K spectrum of pure CsCoCl;, while the 3-K
x =0.06 spectrum compares with the 20-K x =0 spec-
trum. Even allowing for the possibility that the laser
heating in the iron-doped samples could be a little higher
than that estimated in Sec. II, this comparison suggests
that the doping produces an effect analogous to what
occurs upon raising the temperature in pure CsCoCls, i.e.,
the Fe** ijons disrupt the weak Co’*-Co’* nearest-
neighbor interchain coupling but do not greatly affect the
intrachain coupling for x <0.06. This is probably be-
cause of geometrical effects. Only short chains, compris-
ing three or more Co?* ions, are needed to produce the
observed magnon frequency in the 1D phase of
CsCoCls, !> whereas even for x =0.02 one in four chains
of three Co** ions will have at least one Fe’* ion as an
interchain nearest neighbor.

The temperature dependences of the Co’* full-chain
magnon and 300-cm ™! exciton scattering have been used
previously?®?! to obtain information about the 3D mag-
netic ordering in ACoX; compounds (A4 denotes Cs,Rb; X
denotes C1,Br). In particular, the lowest exciton near 300
cm~! in CsCoBr; and RbCoCl; exhibits a spm dependent
scattering mechanism involving interchain pairs of Co**
ions.??? The scattering intensity is thus a measure of the
3D ordering, and a distinct point of inflection m the
intensity-versus- temperature behavior occurs at Ty. In
an attempt to determine T% in CsCoq oFeg 02Cl3 the 300-
cm™! exciton was studied in detail as a function of tem-
perature. The results for the integrated intensity given in
Fig. 7 show no distinct inflection point for temperatures
below 20 K. Instead, a general decrease in intensity with
increasing temperature is seen, with a gradual flattening
out occurring between 12 and 20 K. We conclude that the
Fe?* ions do disrupt the mmal partial 3D magnetic order-
ing in CsCoCl;, lowering Ty to ~16 K for x =0.02 and
blurring the transnlon temperature. At low temperatures
the 300-cm™! excxton should show the effects of any full
3D order (T < TH) by resolving into four components, as
was found for CsCoBr; and RbCoCl;.2%*2! The low-
temperature spectra, however, show no evidence of this,
and the peak frequency and intensity data of Fig. 7 con-
firm?! the absence of any fully ordered 3D phase above 3
K. The lowest exciton for the x =0.06 crystal was not
analyzed in detail because the lowest-temperature spectra
provided no evidence of long range 3D magnetic ordering.

The 1D magnon excitations in CsCoCl; are well
described by the effective spin, S =+, exchange Hamil-
tonian*

Hy=2J, 3 [SIS 1 +e(STS7 1 +SISY, 1], O<e<l

(1)

where J; is the intrachain antlferromagnetlc exchange pa-
rameter. For temperatures below Ty the additional struc-
ture observed in the magnon scattering at k=0 is ade-
quately described by the effective Hamiltonian*

Hefszex+hE(_l)iSiz» (2)
where
h=ho+2J22(Sf+5) . 3)
8

Here, h results from the inclusion of single-ion exchange
mixing, while J, is the molecular-field interchain ex-
change coupling between atom i and its nearest nelghbor )
in the same a-b plane. For CsCoC13 at T< TN, J,=49.9
em~!, €=0.12, J,=1.0 cm~!, and h;=0.65 cm~'.* Es-
timates for these parameters in CsCo,_,Fe,Cl; may be
obtained from the Raman spectra recorded at tempera-
tures T << Ty and T >> Ty.

The X(ZX)Y spectrum of CsCogggFeg,Cly at 3 K
shown in Fig. 5 was curve-resolved to yield peaks at fre-
quencies of 82.6, 85.8, 87.4, 89.3, 94.4, 99.9, 101.2, 105.0,
110.0, and 114.9 cm“. These frequencxes are similar to
those found for CsCoCl; at T <<Ty.> The shoulder at
82.6 cm~!, and the stronger overlapping lines at 85.8,
87.4, and 89.3 cm~! form the origins for the C, B,, B,
and A series* of magnetic excitations, respectively, in the
x =0.02 crystal. The separations between the B, B,
and A lines indicate J,=0.9 cm™!, which is slightly less
than that in pure CsCoCl;. The interchain exchange could
not be determined from the x =0.06 results.

At higher temperatures, T > 2TIIV, the upper and lower
bounds of the magnon Raman scattering contmuum are
given to first order in € by w+=2J,(1+2¢).* The upper
bound is difficult to determine in CsCo,_,Fe, Cl; because
of the overlap with the E;; phonon. There is strong
symmetry-allowed coupling between the magnon and this
phonon, as will be discussed later. From an analysis of
the x =0 spectrum at 50 K, the x =0.02 spectrum at 40
K, and the x =0.06 spectrum at 20 K, we find J, ~46
cm~! and €~0.13 independent of the Fe?*-ion concentra-
tion. These values for J, and € are in general agreement
with the neutron scattering results.* Thus, within the lim-
itations of the analysis, we conclude that for x <0.06 the
Fe?* ions with their competing anisotropy do not affect
the Co**-Co?* intrachain interaction.

B. Fe?* electronic excitations

The prominent extra features appearing in the 4-K
X(ZZ)Y mixed-crystal Raman spectra when compared
with CsCoClj; (see Figs. 1—3) are believed to be associated
with electronic transitions between states of the lowest
Fe** cubic-field term, 5Tz_g(SD), split by the combined ef-
fects of a trigonal distortion to the crystal field, spin-orbit
coupling, and a magnetic exchange interaction with adja-
cent Co’* ions. We shall first consider the x =0.02 spec-
trum, as the new structure is most clearly resolved in this
case. Assuming a random doping of Fe’* ions
throughout the sample, at the x =0.02 doping level
there is a 96% probability that a particular Fe?’* ion will
have two Co?* ions as nearest neighbors along the chain,
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with the remaining 4% being predominantly
-+~ CoFeFeCo - - * clusters (Fe?* single ion and Fe’*-
Fe?* pairs, respectively, in the nomenclature of Ref. 15).
Thus, for x =0.02, Fe** single ions should dominate the
dopant scattering.

Johnstone and Dubicki’? have discussed the
5T(°D, 3d%) energy levels for a Dy, crystal field with
spin-orbit coupling, in a study of Raman scattering from
Cdl,(Fe?*), using an effective Hamiltonian of the form

H(*Tog, D3g)=A[LZ—$L(L +1)]
+ASzLz +A'(SyLy+SyLy)
+K(S-LY+p(LIS;+ LSy +L}S;) .
4)

Here, XYZ refer to cubic axes, xyz refer to trigonal axes,
A is the effective trigonal field parameter, while A,A’ and
k,p are the first- and second-order spin-orbit—coupling
parameters, respectively (see Lockwood et al.?® for a
more detailed discussion of these terms). Detailed interac-
tion with *E(°D) and higher cubic-field terms of the 3d°®
configuration is not considered directly in this model.
Johnstone et al.'® have followed a similar effective Ham-
iltonian approach for Co?* ions in CsMg;_,Co,Cl; and
have shown that the parametrization of the problem is
equally as good as that obtained using a full 3d’-
configuration crystal-field calculation. In the present case
of CsCoyg ggFeg 2Cl; it is clear that at 4 K there is still a
strong antiferromagnetic ordering of the Co’* ions, so
that the total effective Hamiltonian for the Fe’* single
ion must include a term to describe an exchange interac-
tion between adjacent Fe’* and Co?* ions. Following
earlier treatments of CoBr,,? CsMg;_,Co,Cl;,"* and
CsCoBr;,%* we add a molecular-field exchange Hamiltoni-
an to the Hy of Eq. (4) to give an effective Hamiltonian
with exchange of the form

H o (Fe’ ) =H 5(° T, Di3g)—2reco{S2°)Sz (5a)

where Jg.c, is the exchange-interaction parameter for
Fe**-Co?* pairs and (S£°) is the expectation value of S
for the ground state of a Co** ion adjacent to an Fe?™*
jon. As for the Co** cases, the interchain exchange is
considered negligible in comparison to the intrachain
term, and the latter is confined to intrachain nearest
neighbors.?’ In general, one cannot assume that (S$°)
for a Co?*-Fe?* pair will be the same as (S5°) for a
full-chain Co?* ion (designated by (S$°)FC in later dis-
cussion) so that, at this stage, we use an effective
exchange-interaction parameter defined by

Jre-co=Jre.co{SZ°) (5b)

in the parametrization of the Fe** single-ion problem.

To carry out the necessary calculation, we have utilized
the matrix elements of H (> Ty, D34) for a cubic spin-
orbit wave-function basis as given in Ref. 22, with the ad-
dition of the matrix elements of S in the same basis to
give the full H.x(Fe?*) matrix of Egs. (5).

Identification of particular Raman features as Fe?*
single-ion transitions is not trivial. In the presence of an

exchange field there are 14 possible electronic transitions
between the ground state and higher states of the stg
cubic-field term, and although the energy-level pattern is
expected to be similar to that found for CdI,(Fe’*),?? the
effect of the exchange interaction on the level spacings is
difficult to predict. The first-order spin-orbit parameters
A and A’ were expected to be of the same order of magni-
tude (~100 cm™!) as that found for Cdl,(Fe?*), while A
was expected to be somewhat smaller in magnitude than
the —462 cm™! found for Co?* ions in CsCoCl,,'® corre-
sponding to a reduction in trigonal distortion in the vicin-
ity of the smaller Fe?>* ion. It quickly became apparent
that to obtain any reasonable fit to the prominent 48.5-
and 61.0-cm~! peaks, the effective pair exchange JFe.c,
had to be in the range 17—20 cm~! and that the weaker
features at 180.0, 234.5, and 281.0 cm™!, together with
the strong 225.0- and 274.5-cm™! peaks, formed the next
manifold of states (J'=2 in the notation of Ref. 22). Fi-
nally, the broader 390-, 450-, and 469-cm™! peaks were
included as the lowest three states of the J'=3 manifold.
Similar observations and assignments have been made for
RbFeCl;.2 The result of an iterative least-squares fit to
these ten levels, weighted inversely as the uncertainties in
their wave numbers in the x =0.02 spectrum and allow-
ing all five parameters of Egs. (5) to vary, is given in
Table I. While there is clearly extra scattering in the
(500—570)-cm ™! region of the spectrum where transitions
to the remaining four Fe?* single-ion levels are predicted
to lie, the structure is poorly resolved and Co?*-
Fe?*—pair scattering is also expected to contribute, so
that these single-ion levels could not be included in the
least-squares fit. The 3.0-cm~! rms deviation of the
weighted fit was considered excellent, and predictions dis-
cussed below, which are based on this fit, add support to
the correctness of the assignments of Table I.

The predominant effect of increasing the Fe’* concen-
tration to x =0.06 appears to be an increased damping of
the electronic scattering. Thus the weaker features identi-

TABLE 1. Comparison of experimental and calculated ener-
gies of Fe?* excitons in CsCog gsFeg;Cl;. All quantities are in
cm~!. The root-mean-square (rms) deviation of the weighted fit
was 3.0 cm ™.

Exciton frequencies Energy matrix

Experiment Calculated parameters
48.5+0.5 49.2 A=—86.5
61.0£0.5 59.2 A'=-76.6

180.0+1.0 181.1 k=0.47
225.01+0.5 223.0 p=-—17.2
2345+1.0 242.8 A=-207.5
274.5+0.5 273.1 JEeCo=18.44

281.0x1.0 285.0

390.0+1.0 387.6

450.01+2.0 459.5
469.012.0 469.8
508.4
553.3
564.4
565.5
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fied as Fe?* single-ion scattering in the x =0.02 case are
not seen as clearly in the x =0.06 spectrum. At the
higher doping level 88% of the Fe?* ions should still be
in the single-ion Co-Fe-Co configuration, while 10.6%
should now form Fe?t-Fe** pairs, but the increased
linewidths and consequent poorer resolution of the
x =0.06 spectrum precludes identification of any specific
features as being of Fe**-pair origin. An analysis of pair
energy levels such as that carried out for Co’* pairs in
CsMg; _,Co,Cl; (Ref. 15) is not justified here. It is of in-
terest to note the marked reduction in the strength of the
Co** full-chain features (e.g., 88, 299.5, 851.5, and 1189
cm™)) relative to the Fe?* scattering with increase in
Fe** concentration. This change and the previously not-
ed change to 496.5-nm laser radiation for optimization of
the CsCo,;_,Fe,Cl; spectra suggest that we are seeing a
resonance enhancement of Fe?* electronic scattering and
absorption of Co?* full-chain scattering by the doped
crystals. If this is the case, one might expect also to see
some enhanced Fe**-Co?*—pair scattering in the
x =0.02 spectrum—such a possibility is considered
below.

C. Full-chain Co?* excitons

Before analyzing the Fe?*-Co?* —pair scattering in de-
tail, it is necessary to know the actual intrapair exchange
Jre.co Of Eq. (5a) rather than just the effective exchange
Jreco This requires knowledge of (S5°). As pointed
out above, (S5°)FC for full-chain (FC) Co** ions is not
strictly appropriate to the Fe?*-Co?* —pair situation, but
it should nevertheless be a good first approximation. A
refit of the Co?* full-chain spectrum was carried out, us-
ing the CsCoyq osFeg ¢oCl; data, to obtain the Jg, oo full-
chain exchange and an estimate of (S5°) needed for the
Co** broken-chain and Fe?*-Co?*—pair analyses. The
result of the iterative least-squares fit, using the
*T14(*F,3d") equivalent of the effective Hamiltonian
crystal field plus exchange model of Eq. (5a), is given in
Table II. The Co** full-chain features from the x =0.02
spectrum used in this fit were as identified in
CsCoCl;,'>?! but with slightly different frequencies. The

TABLE II. Comparison of experimental and calculated ener-
gies of Co** full-chain excitons in CsCog ¢sFeg,02Cl;. All quanti-
ties are in cm™'. The rms deviation of the fit was 2.4 cm ™.

Exciton frequencies Energy matrix

Experiment Calculated parameters
88.0+£0.5 84.4 A=270.9
299.5+0.5 298.9 A'=192.2
314.7 k=24.1
516.0+0.5 516.5 p=—280.0
561.0£0.5 560.5 A=—-467.1
851.5+£0.5 851.9 Jco.co=26.46
942.8
1000.5+0.5 996.5
1080.5+0.5 1084.6
1153.5+0.5 1153.3
1175.6

parameters of the revised fit vary on average by less than
3% from the CsCoCl; calculation of Ref. 15. The revised
parameters give {(S5°)FC=1.325, and it should be noted
that the J (=36.2 cm~!) of Ref. 15, Table 4, corresponds
to the product Jco.co{(S5°)FC in our present notation.
The relationship between the effective isotropic exchange
constant (J,) of Sec. IVA and the isotropic exchange
between true spins (Jc,c,) given in Table II is
J 1 21.7.] Co-Co*

Within the experimental uncertainties, the full-chain
Co** features of the x=0.06 spectrum do not differ in
energy from the x =0.02 data, so that the parameters of
Table II should also be applicable to the x =0.06 spec-
trum.

D. Broken-chain Co** excitons

The mean exchange field experienced by a Co** ion ly-
ing adjacent to a dopant Fe?* ion will not be the same as
that experienced by the full-chain Co?* ions considered in
the preceding subsection and, in general, the trigonal
crystal-field distortions will also differ. These differences
can give rise to additional features in the Co** electronic
scattering, as discussed in the earlier treatment of Co?* in
CsMgCl;. We restrict our attention here to the Co**
broken-chain arrangements,!® where the intrachain nearest
neighbors are an Fe?* ion and a full-chain Co?* ion. At
the x =0.02 doping level, 96% of Co?* ions which form
part of an Fe**-Co** pair are, in fact, in a broken-chain
arrangement rather than in a Co?* pair (FeCoCoFe) or
Co?* single-ion (FeCoFe) situation. Even for x =0.06
less than 12% of Fe?*-Co?* pairs form part of Co?* pair
or single-ion arrangements. Also, we do not distinguish
between the two possible broken-chain arrangements
Co(FeCoCo)Co and Fe(FeCoCo)Co—the difference in
(S£°) for the two cases is expected to be negligible and
the Co(FeCoCo)Co configuration will in any case dom-
inate at the dopant concentrations studied.

The effective Hamiltonian for the Co?* broken-chain
(BC) ion [Co?*(BC)] will be a modification of that used
for Co** full-chain [Co**(FC)], replacing the full-chain
exchange term —2J,.c,(S5°)FCS; by an exchange term
of the form

— 273087 =—(Jre.co{SE*) + T coco (S5°)FO)SZ , (6)

where Jpc is the averaged effective exchange parameter
with contributions from both Fe?*-Co’*(BC) and
Co?*(BC)-Co?**(FC) exchange interactions. It was known
from the Co?*(FC) calculation that the eigenvalues of
Ht{Co?") are generally much more sensitive to change in
the exchange parameter than to change in the trigonal
field parameter. Thus, in order to estimate the Co®*+(BC)
exciton energies we retain the parameters A, A’, k, p, and
A of the Co?*(FC) fit (Table II) and calculate the ap-
propriate exchange parameter using Eq. (6). The Fe*
single-ion fit of Table I gave (S£°)=1.510 for the Fe*+
ground state, while Jc, c, and (S$°)FC are known from
the Co**(FC) fit. The only difficulty arises with Jg,.c,.
Using (S5°)FC as a first approximation to the actual
(S%°), and the J..c, of the Fe?* single-ion fit, we obtain
JFe.com~13.91 cm~!. Diagonalization of the Co**(BC) ef-
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TABLE III. Comparison of estimated, experimental, and
best-fit energies of Co?* broken-chain excitons in
CsCoyg.9sFe0.02Cls. All quantities are in cm~!. The rms devia-
tion of the best fit to the weighted experimental data was 0.7
cm™ L

Estimated Experiment Best fit
Exciton frequencies
68.2 70.5+0.5 70.3
291.5 290.0+1.0 290.9
304.3 304.5+1.0 304.6
512.3 515.0
547.8 550.0+2.0 550.7
852.4 852.5+1.0 851.3
925.9 927.5
996.3 1012.7
1067.4 1086.3
1146.4 1162.7
1164.6 1182.4
Energy matrix parameters

270.9 270.9
192.2 A 192.2
24.1 K 24.1
—80.0 p —80.0
—467.1 A —489.7

28.11 JBC 27.71

fective Hamiltonian, using the resulting Jyc from Eq. (6),
gave a revised value for (S§°) which was, in turn, used to
recompute Jg.c,.- This iterative procedure rapidly con-
verged to give self-consistent values of (S5°)=1.316 (cf.
(S5°)F€=1.325) and Jgeco=14.00 cm~!, with the es-
timated Co?>*(BC) exciton energies listed in the first
column of Table III.

Inspection of the x =0.02 spectrum revealed weak
features very close to five of the predicted Co?*(BC) exci-
ton energies as listed in the second column of Table IIL
Particularly encouraging is the correspondence with the
weak peak at 70.5 cm~! in a region where no further
Fe** structure had been expected. If these five Raman
lines are assigned as Co?*(BC) scattering and the parame-
ters A and Jpc of the broken-chain effective Hamiltonian
are allowed to vary, the least-squares fit of the third
column of Table III is obtained. The 5% change in A
from that for Co?*(FC) is not unreasonable. The modi-
fied parameters give (S5°) =1.271, implying Jg..c,=14.5
cm~!, whereas the modified J ¢ gives Jpe.co=13.5cm™".
Considering the approximations of the mean molecular-
field model for the exchange, such a discrepancy is not
surprising and we take the Fe?*-Co’?* exchange-coupling
parameter to be Jg..co=14.0+0.5 cm ™', which is a little
more than half that of the Co?* full-chain exchange.

E. Other electronic excitations

So far, various features of the Raman scattering in
CsCo,_,Fe,Cl; have been identified with excitations of
single Fe’* ions, full-chain Co?* ions, or broken-chain
Co’* ions, in each case including an antiferromagnetic ex-

change interaction with adjacent ions via a mean
molecular-field model. As a result of the strong intra-
chain exchange, we must also consider the possibility of
additional structure arising from double excitations of
nearest-neighbor ions. Such scattering has already been
reported for cobalt ions in CsCoBr; and CsCoCl;.'> For
the CsCo,_,Fe,Cl; case one might expect contribu-
tions from the double excitation of three types
of pairs: Co?*(FC)-Co?*(FC), Co?*(FC)-Co?*(BC), and
Co**(BC)-Fe**. However, the observed strength of the
Fe?* single-ion scattering in comparison with Co?*
scattering implies that Co?*(BC)-Fe?* —pair scattering
will dominate any other double-excitation contributions.

Even with this restriction, a detailed analysis of the pair
scattering is not straightforward. The zero-order state
functions for the Co?*(BC)-Fe?* —pair system will be of
the form |¢f°) | ¢F°), where |¢°) and |¢f°) refer to
Co?*(BC) and Fe** single-ion states, respectively. This
gives 180 pair product states with zero-order energies
ranging up to ~1740 cm~!. The real difficulty arises in
treating the exchange interaction between ions of the pair,
as the ground-state values of (S, ) will not be appropriate
for the double-excitation pair states. Although one could
treat the intrapair exchange explicitly by including a term
of the form —2JS°SE in the pair Hamiltonian, while
continuing to employ a molecular-field model for ex-
change with adjacent ions in the chain, such an approach
would be of doubtful practical value. The general lack of
well-resolved structure in the measured scattering and the
inevitable close spacing of predicted pair levels would pre-
clude any specific assignments.

On the basis of the spectrum of zero-order energies for
the pair states, it is reasonable to suppose that most, if not
all, of the unidentified extra scattering observed, particu-
larly that in the region above 450 cm~! in X(ZZ)Y
polarization (see Figs. 2 and 3), arises from
Co**(BC)-Fe’* —pair excitations. [Additional weak
broad peaks at frequencies beyond those shown in Fig. 3
were observed in X(ZZ)Y polarization near 1425, 1470,
1545, 1595, 1710, and 1780 cm™!, with no further peaks
visible at higher frequencies up to 2000 cm~'.] In several
instances this structure prevents the identification of
single-ion features.

F. Phonons and magnon-phonon coupling

The frequencies of phonons observed in the
CsCo,_,Fe,Cl; crystals are summarized in Table IV.
The assignments to symmetry species are made on the
basis of the polarizations of the lines. The five Raman-
active lines expected in pure CsCoCl; have all been identi-
fied and their frequencies are in accord with earlier mea-
surements.>'>!® The mixed-crystal phonons are sharp
single lines (see Fig. 1) consistent with the one-mode
behavior expected for these lines.!* Apart from the E Ig
mode, the phonon frequencies vary little with concentra-
tion up to x =0.06, in accordance with the small overall
shift (~5 cm™!) in going from x =0 to x =1 (see Table
IV). The E;-phonon frequency decreases with increasing
iron concentration, but then must increase at higher x to
reach the x =1 value. This initial decrease is probably as-
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TABLE IV. Comparison of peak frequencies in cm™' (£0.5 cm™!) at 4 K for the Raman-active

modes in CsCo;_,Fe,Cl;.

Concentration Mode symmetry
X EZg Elga Ezg E2g Alg
0 55.6 116.0 137.6 187.7 264.2
0.02 55.5 115.0 137.5 187.6 263.9
0.06 55.4 113.8 137.2 187.6 263.6
1° 49.5 143.5 132.0 180.5 259.5

®Taken from the 20-K spectrum, where the line is clearly visible.

"Reference 19.

sociated with the Co** magnon-phonon coupling, which
must eventually vanish at higher Fe’* concentrations.

One remaining puzzle is the polarization properties of
the 4,, mode. According to the usual selection rules, this
mode should only be observed in diagonal polarization,
but it is seen much more strongly in YX polarization than
in ZZ polarization (see Fig. 1). This effect has been no-
ticed before in other magnetic AMX; com-
pounds,> 4192124 byt does not occur in nonmagnetic
CsMgCls.'* Breitling et al.’® ascribe this behavior to
crystal strain, while Johnstone and Dubicki®* believe it
arises from electron-phonon coupling, which would give
rise to antisymmetric phonon scattering in YX polariza-
tion. The effect of a degenerate electronic ground state on
the Raman scattering by phonons has been considered by
Churcher and Stedman,?” who show that additional terms
in the scattering tensor arise under such conditions. Ap-
plication of their theory to 4ACoX; compounds predicts
that A,,-phonon scattering can occur in YX polariza-
tion.”® Recent Raman results obtained for isostructural
CsCdBr; also reveal anomalous scattering in YX polariza-
tion.?” As this crystal has an electronic singlet ground
state, the Churcher-Stedman explanation does not apply.
Thus, at present, there is no conclusive explanation of the
strength of the A,, scattering in YX polarization, al-
though it is likely that crystal strain and electronic degen-
eracy considerations may both be involved.

Strong magnon—E,-phonon coupling has been ob-
served in several ACoX; compounds and the previous
work on this subject has been reviewed recently.’® The
magnon-phonon coupling in CsCo;_,Fe,Cl; is evident
through the pronounced temperature dependence of the
E \g-phonon intensity. This phonon is scarcely visible at
low temperatures, but increases rapidly in intensity with
increasing temperature for temperatures T > Ty (see Fig.
5, and Fig. 5 of Ref. 3). With increasing x the phonon be-
comes more prominent at lower temperatures; otherwise,
the general behavior with temperature is the same as for
x =0. Knowing that the Fe?>* ions suppress Ty, this is
clear evidence that a marked change in the magnon-
phonon coupling occurs near Ty, allowing the phonon
contribution to the scattering to be discerned. The
magnon-phonon line shape at higher temperatures was
analyzed using the damped-harmonic-oscillator (DHO)
model,

Hw)=[A(0)+1]Soiy’0 /[(0*— o))+,

where S, wg, and y are the oscillator strength, frequency,

and damping, respectively, and 7i(w) is the Bose popula-
tion factor at frequency w. The magnon line shape is well
approximated by the DHO model for T >>Ty.2! The re-
sults obtained from a least-squares fit to the data are

RAMAN INTENSITY

RAMAN INTENSITY

RAMAN INTENSITY

i L | "

70 80 90 100 110 120 130
FREQUENCY (cm™)

FIG. 8. Results of fits of uncoupled (—-—-—- ) and coupled
(— — —) harmonic oscillators to the magnon—E,-phonon Ra-
man spectrum ( ) of CsCo,_,Fe,Cl; for (a) x =0 at 50 K,
(b) x =0.02 at 40 K, and (c) x =0.06 at 20 K.
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TABLE V. Results obtained from damped-harmonic-oscillator fits to the magnon-phonon spectrum
of CsCo;_,Fe,Cl; and RbCoCl; in X(ZX)Y polarization. w, denotes the frequency, ¥ denotes the

damping, and ¢ denotes the coupling constant.

Magnon E,; phonon
Temperature o Y o Y c
(K) (ecm™) (cm™1) (em™1) (ecm™) (em™1)
CsCo;_xFe,Cl;
x =0 40 91.2 26.7 115.2 4.3 0
82.7 17.3 119.5 6.4 —18.5
50 89.2 324 115.0 4.0 0
83.8 27.7 117.3 54 —12.4
x =0.02 40 90.5 33.0 114.5 5.3 0
86.5 314 116.4 6.6 —9.6
x =0.06 20 90.0 38.9 113.7 6.9 0
87.2 30.4 114.9 7.1 —6.3
RbCoCl;?
40 97.7 18.5 111.8 4.9 0
90.3 16.7 1149 7.0 —13.3
50 97.5 21.7 111.7 4.7 0
87.6 19.7 115.1 7.2 —15.7

*Reference 21.

shown in Fig. 8, and the parameter values are given in
Table V. The DHO model was then modified to include
explicitly a symmetry-allowed real coupling’! between the
magnon and E, phonon. The resultant fits were a signi-
ficant improvement over the uncoupled model (as can be
seen in Fig. 8), particularly for the x =0 and 0.02 cases.
The coupling constant (see Table V) is concentration
dependent, weakly temperature dependent, and compar-
able with that obtained for RbCoCl;. Despite the approx-
imate nature of the model, several conclusions can be
drawn. Doping with Fe?* ions appears to reduce the
strength of the magnon-phonon interaction. The magnon
peak frequency (and hence J;) is independent of x, and
the Eg-phonon frequency decreases with increasing x,
consistent with the earlier peak-frequency analyses. More
theoretical work is required to explain the strong spin-
phonon coupling in CsCo,_,Fe,Cl;, particularly with re-
gard to the magnon-phonon line shape. Such work is a
prerequisite to obtaining more accurate values for J, and
€.

V. CONCLUSION

This study of magnon and exciton Raman scattering in
CsCo,_,Fe,Cl; has shown that, while the addition of up
to 6 at. % of iron has the effect of lowering the 3D mag-
netic ordering temperature, the 1D intrachain antifer-
romagnetic ordering characteristic of CsCoCl; is retained.
Analysis of the temperature dependence of the magnon
scattering by the Co®* ions in the quasi-1D phase gave an
intrachain antiferromagnetic exchange, J; (~46 cm™!),

and anisotropy, € (=0.13), independent of Fe’t-ion con-
centration for x <0.06. Interaction of this magnon with
the E,; phonon of CsCoCl, is, however, significantly re-
duced by the Fe?* doping, even at the x =0.02 level.

Crystal-field analyses of Fe*, full-chain Co?**, and
broken-chain Co®* energy levels, using in each case an ef-
fective Hamiltonian appropriate to the respective lowest
cubic-field term and a molecular-field model for the anti-
ferromagnetic exchange interaction, give an excellent fit
to observed features in the Raman spectrum of the
x =0.02 crystal. The resulting exchange parameter
JFe.co=14.0 cm™! for Fe?*-Co** pairs is somewhat re-
duced from Jc,c,=26.5 cm™! for the corresponding
Co**-Co?* —pair interaction.  Additional scattering
present for both x =0.02 and 0.06 crystals is believed to
be associated with double excitations of Fe?*-Co** pairs,
but the poor resolution of the structure of this scattering
has prevented a detailed analysis and assignment to
specific pair levels.

For x <0.06 doping levels the CsCo,_,Fe,Cl; system
has proved to be a particularly interesting and tractable
one. While it would also be of interest to follow the effect
of higher Fe?* concentration in this system, the damping
of the electronic Raman scattering evident in the x =0.06
results indicates that there is little likelihood of obtaining
good-quality spectra for higher x values. The effect of
other paramagnetic dopants such as Ni’*, Mn?*, and
Cu?* on the magnetic properties of CsCoCl; is currently
under investigation. Preliminary observations indicate
problems in obtaining uniform dopant distribution (for
Ni%*), or with an early onset of structural changes (for
Mn?* and Cu?*), and it may prove difficult to match the
quality of the CsCo, _, Fe, Cl; data.
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