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Infrared reflectance spectra and dispersion studies of iron-intercalated zirconium diselenide
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Infrared reflectance spectra for numerous compositions of the intercalation system Fe ZrSe, have been
measured and analyzed in terms of a Lorentzian oscillator model. The analysis has indicated that no new
vibrational modes resulted as a consequence of iron intercalation and.that the single TO-phonon frequency
observed for the host spectrum was invariant with iron concentration. The intercalated samples showed a
linear increase in electronic polarizability with iron concentration as well as increases in oscillator strength
and damping. These results are discussed in terms of a model in which the iron acts only to modify the

oscillator parameters of ZrSe,.

1. INTRODUCTION

Recently there has been a considerable amount
of interest in layered-transition-metal dichal-
cogenide (LTMD) systems where studies have in-
dicated that the physical properties of the host ma-
terial may be dramatically altered by the interca-
lation of foreign atoms or molecules.”® These
studies have led to a variety of new quasibinary
systems of the form M,TX,, where T is a transi-
tion metal, X is S, Se, or Te, and the intercalate
M can be either an alkali metal, a transition met-
al, or a post-transition metal. Numerous inves-
tigations of the electrical conduction and crystal-
lographic properties of these systems have indi-
cated that a wide range of characteristics can be
obtained by varying the guest species (M), the con-
centration of the guest species (x), as well as the
layered host lattice itself (T'X,).

Presently, studies of the optical dielectric pro-
perties of LTMD systems have been limited pri-
marily to investigations of unintercalated com-
pounds of the form TX,.*® The infrared reflec-
tance spectra of many group-IV and group-VI
transition-metal dichalcogenides have been re-
ported by Lucovsky ef al.® The spectra were found
to be of three basic types: very strong reststrahl
for ZrS,, HfS,, and HfSe,; weaker reststrahl for
MoS,, MoSe,, WS,, and WSe,; and plasmon-type
reflection for TiS,, ZrTe,, and HiTe,. A Lorent-
zian oscillator dispersion analysis technique was
used by these authors to obtain information re-
garding the infrared-active optical vibrational
modes and an effective charge parameter for these
materials. The results thus obtained were then
used in a discussion of the bonding mechanism in
LTMD crystals. Although many LTMD intercala-
tion systems have been studied electrically and
crystallographically, little or no information is

currently available about the effect of intercalation
upon the infrared-active modes in these systems.
In this paper a study of the far-infrared reflec-
tance spectra for the Fe ZrSe, system is presented
as a function of the intercalate iron concentration.
This system has been found to exist in two dis-
tinct phases: a semiconducting phase for 0 < x <%
and a metallic phase for x~ 3.6 For this study both
single-crystal and pressed-pellet samples in the
range 0 < x< 0.26 (semiconducting phase) were
used. Some details of the sample preparation and
crystallographic characterization are presented
in Sec. II along with a discussion of the infrared-
active modes pertinent to this system. The in-
frared reflectance spectra and dispersion analysis
are presented in Sec. III and a discussion of the
resuits is given in Sec. IV.

II. SAMPLE PREPARATION AND CRYSTALLOGRAPHY

Samples of the Fe,ZrSe, system were prepared
by the method of chemical vapor transport. Ap-
propriate quantities of the elements Fe (99.5%
purity), Zr (99.9% purity), and Se (99.9999% puri-
ty) were weighed out and placed in quartz ampoules
which were then evacuated to approximately 1073
torr. Following the addition of approximately
120~torr partial pressure of hydrogen chloride
gas as a transport agent, the ampoules were
sealed and heated uniformly to 450 °C for several
days. After transporting for two weeks in a tem-
perature gradient of 935-840°C the samples were
slowly cooled and removed from the furnaces.

The single-phase semiconducting material was ob-
tained when the initial Fe to Zr ratio was less than
3 and a compositional analysis was performed by
means of x-ray fluorescence. This analysis indi-
cated that in most samples the actual concentra-
tion of iron was somewhat below the nominal com-
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FIG. 1. View in the (110) plane of the crystal structure
of semiconducting Fe ZrSe,.

position indicated by the initial Fe to Zr ratio.
This discrepancy is attributed to partial reaction
of the iron with the quartz reaction vessels,

The results of single-crystal x-ray diffraction
analysis, reported by Gleizes ef al.,” indicate that
throughout the range 0 < x<0.26 the symmetry
space group D},-P3ml is retained with the inter-
calated iron atoms distributed randomly in the
octahedral holes between Se-Zr-Se layers. The
structure is a variation of the Cdl,-NiAs inter-
mediate type with both ¢ and a parameters remain-
ing constant throughout (6.118 < ¢ < 6,133 A and
3.763 < a<3.773 A). This structure is depicted in
Fig. 1.

A group-theoretical analysis of the I'" point lat-
tice modes for the basic 1T-ZrSe, structure (sym-
metry D,,) has been carried out.® That analysis
shows that the three atoms per unit cell result in
a decomposition into irreducible representations
at the Brillouin-zone center T as follows:

I'=A,,+E+2A,,+2E,. (1)

Of these modes, only the A,, (corresponding to
EII€ polarization) and the E, (corresponding to
ELE polarization) modes will be infrared active.
These two optical-mode motions are represented
in Fig. 2. Up to this point, the presence of the
interstitial iron atoms have not been taken into
account. In view of the results of the single-crys-
tal x-ray analysis; namely, that the crystal sym-
metry D,, is preserved throughout the composition
range of the semiconducting phase of Fe ZrSe,,
the same irreducible representations for the vibra-
tional modes at the I" point that were obtained for

—

FIG. 2. Infrared-active mode motions for the structure
of 1T7-ZrSe,.
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the host material are expected for the intercalated
material. As will be discussed in the subsequent
sections, this has in fact been observed experi-
mentally to be the case.

III. REFLECTANCE SPECTRA AND DISPERSION ANALYSIS

All measurements of the reflectance spectra for
various compositions of the semiconducting phase
of the Fe ZrSe, system were made using a Perkin-
Elmer model 180 infrared spectrophotometer. The
instrument was operated in the double-beam mode
and calibration was accomplished by use of a front
surface gold mirror. Measurements in the fre-
quency range 525-4000 cm™ were made using a
globar source and a thermopile detector while an
Hg source and a pyroelectric detector were used
for frequencies less than 525 cm™, All measure-
ments were made at room temperature using un-
polarized radiation at near-normal incidence
(~20°).

Both single-crystal and pressed-pellet samples
were used in the measurement of the reflectance
spectra. Since the crystalline samples were typi-
cally thin platelets with the crystallographic ¢ axis
oriented perpendicular to the platelet surface,
only spectra with the polarization E L€ could be ob-
tained (i.e., the E, mode). For pellets pressed
from crystalline powders, a significant alignment
of the ¢ axes was expected due to the platelike na-
ture of the individual grains. Other authors have
reported that pellets of other LTMD systems pre-
pared in a similar manner have had 90% of the
crystallites in the pellet aligned with 10" of normal
to the pellet surface.® For this reason, the excita-
tion of modes other than the E, mode in pellet sam-
ples was expected to be nearly negligible. This is
demonstrated by a comparison of the spectra ob-
tained for a single crystal and pressed pellet of
the host material ZrSe,, as shown in Fig. 3. The
only significant difference is the appearance of a
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FIG. 3. Comparison of the room-temperature reflec-
tance spectra for a single crystal and a pressed pellet of
ZrSe,.
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sharp peak in the spectrum of the pellet sample in
the vicinity of maximum reflectance. This was
characteristic of all pellet samples examined and
may possibly be attributed to a small excitation of
the A,, mode in these samples. However, other
similarities in reflectance spectra and the fitted
oscillator parameters suggest that the EL2 po-
larization predominates in the pellet sample.

Both a Kramers-Kronig and a Lorentzian oscil-
lator dispersion analysis were performed on all
samples examined. The Kramers-Kronig analysis
was used to insure the Lorentzian character of the
measured reflectance spectra and to detect the
presence of any possible vibrational modes other
than the E, mode associated with the host ZrSe, in
the iron intercalated samples. This analysis em-
ployed the Kramers-Kronig relation between the
magnitude and the phase of the complex reflection
coefficient

r=(m*=1)/(n*+1)=|r|e’?, )

where n*=n -1k is the complex index of refraction.
A computer program was used to solve the familiar
integral

1 L)
d(w,) =ﬂ£ In

where R=|7|? represents the measured reflectance
and the frequency dependencies of the real and
imaginary parts of the complex dielectric permit-
tivity, e*=¢, —i€,, as wellas the energy-loss func-
tion, Im(1/¢*), were determined by noting that n*
=v¢*. Since the positions of the peaks in ¢, and
Im(1/¢*) locate the TO- and LO-phonon frequencies,
respectively, the presence of additional vibrational
modes due to the intercalated iron could be easily
identified. In fact no such modes were found over
the range 50-4000 cm™. All of the intercalated
samples showed only a single peak in ¢, which was
coincident in frequency with the peak in ¢, ob-
served for the unintercalated ZrSe,. Consequently,

w— W,
W+ W,

d
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it was concluded that the data could be analyzed in
terms of a model in which the intercalate iron acts
only to modify the oscillator parameters of the
host ZrSe,.

The oscillator analysis was accomplished by
fitting the experimentally measured reflectance
spectrum of each sample to a theoretically syn-
thesized spectrum obtained by modeling the com-
plex dielectric permittivity as a superposition of
damped Lorentzian oscillators

- S;w5;

E*-€w+§f; Whj = W — 1Y ;W @
where ¢ is the high-frequency dielectric constant
and wy;, S;, and y; are the frequency, strength,
and damping of the jth oscillator. The theoretical
spectrum is then synthesized by

R=|(Ve*-1)/(Ve*+1)|?, - (5)

and fit to the experimental data by allowing the
oscillator parameters to vary. The fitting proce-
dure was done by means of a computer program
which used a modified Gauss-Newton nonlinear
least-squares estimation technique incorporated
with an iterative search to obtain values of the os-
cillator parameters which minimized the rms de-
viation between the synthesized and experimental
spectra.” The analysis was carried out using only
a single Lorentzian oscillator (as suggested by the
Kramers-Kronig results) and a summary of the
fitted oscillator parameters for the Fe ZrSe, sys-
tem is given in Table I. In all cases the rms devi-
ation between the experiment and fit was less than
0.04.

Representative reflectance spectra and Lorentzi-
an oscillator fits for the Fe, ZrSe, system are
shown in Fig. 4. In each case the experimental
spectrum is represented by data points while the
solid line is used to represent the spectrum ob-
tained from the oscillator model. The host (unin-
tercalated) spectrum shows a strong reststrahl

TABLE I. Oscillator parameters as a function of iron concentration and effective charge

normalized to that of ZrSe, (~4e).

Oscillator parameters Normalized
Composition (em™) effective charge

x € W Vi e}/ef (x=0)
0.000 6.78 102 33.0 0.294 1.00
0.038 9.71 106 36.8 0.347 1.10
0.070 9.80 102 43.0 0.320 1.14
0.116 11.46 102 46.3 0.635 1.18
0.134 11.94 102 48.5 0.739 1.12
0.142 13.43 104 55.9 0.733 1.33
0.193 15.18 102 60.4 0.744 1.35
0.263 15.63 102 70.6 0.765 1.46
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FIG. 4. Typical room-temperature reflectance spectra
(data points) and oscillator fits (solid lines) for pressed
pellets of the Fe, ZrSe, system.

with characteristic features very similar to those
reported for HfSe,.° The remaining two interca-
lated spectra (x=0.070 and x=0.134) show qualita-
tive features quite similar to the host but indicate,
however, a significant change in the high-frequency
dielectric constant, the oscillator strength, and
damping over those obtained for ZrSe,. These
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FIG. 5. Variation of the single Lorentzian oscillator
parameters with iron concentration.

changes are depicted graphically in Fig. 5. The
deviation between the experiment and fit about the
reflectance minimum for x=0.134 was typical of
all samples examined with iron concentrations
greater than 10%.

IV. DISCUSSION

In this section the variation of the oscillator pa-
rameters with the intercalate iron concentration
will be discussed. The first parameter to be dis-
cussed is the oscillator frequency w,. As has been
described in the previous sections, the oscillator
frequency is observed to have a compositionally in-
dependent value of 102+ 4 cm™. This observation
is consistent with a model in which the oscillator
frequency is determined by the reduced mass of
the zirconium-selenium oscillator (,) and an ef-
fective force constant (k) as

Wi=kgge/m,, (6)
where
Mp=MgeMgy /(M g+ 2mg,) (7

- since neither the reduced mass nor force constant

is expected to vary with iron concentration. In
general this “spring constant” model for the oscil-
lator frequency is inadequate because it ignores
the interactions between oscillators that reside on
the lattice sites. These interactions generally re-
sult in a reduction of the transverse optical fre-
quency from that given by Eq. (6) by an amount
that will be a function of the effective charge pa-
rameter e} as follows®10;

W2 = Who=f(e}). (8)

Since w, is not expected to vary with iron concen-
tration and w;, = w,, has been observed as com-
positionally independent, the function f(e}) should
be constant for the semiconducting phase of the
Fe,ZrSe, system.

The high-frequency dielectric constant ¢, is ob-
served to increase with iron concentration. This
term is the result of residual polarizability at high
frequencies due to electronic oscillations which
typically have a resonant frequency much higher
than the ionic oscillation frequency. If a simplistic
model in which the electrons are confined to a cloud
of radius », surrounding the atom is assumed,!*
then this parameter may be expressed as®

€.,=1+4miN,, (9)

where N, represents the density of electronic os-
cillators. For the Fe,ZrSe, system, N, may be ex-
pressed as a summation of two contributions; the
first being a compositionally independent term ac-
counting for the polarizability of the host ZrSe, and
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FIG. 6. Frequency dependence of €, and Im(e *-1) oh-
tained from the oscillator model for several composi-
tions of Fe, ZrSe,.

the second being a function of the iron concentra-
tion, accounting for the polarizability of the inter-
calate iron. Since the crystallographic parameters
for the semiconducting phase are invariant with
iron concentration, an increase in x will result in

a linear increase in the density of electronic oscil-

lators. Consequently, a linear variation of ¢
with iron concentration is expected, as shown in
Fig. 5. It is unlikely that this increase is due to
appreciable free-carrier effects since that even
at the highest iron concentration no plasmon modes
were observed in this system; which is consistent
with studies of the electrical conduction properties
of semiconducting Fe,ZrSe,.°

An examination of the Lyddane-Sachs-Teller
equation'? relating TO- and LO-phonon frequen-
cies to the static and high-frequency dielectric
constants yields information regarding the varia-
tion of the oscillator strength .

Wo/who=€(0)/€n (10)

Physically, the oscillator strength represents the
change in dielectric constant upon passing through
the reststrahlen band so that the static dielectric
constant may be expressed as ¢(0)=¢,+S;. The
two phonon frequencies have been found to be vir-
tually independent of iron concentration (see Fig.
6) being determined by the modes of the host lat-
tice. Consequently, in this case, the increase in
the oscillator strength with iron concentration may
be attributed to the aforementioned increase in
electronic polarizability.

Figure 6 demonstrates the effect of iron inter-
calation upon the oscillator damping. Qualitatively,
the effect may be described as a broadening and
suppression of the normal E, mode of ZrSe, due to
the lowered local symmetry and additional impurity
damping. The trend is toward an increase in damp-
ing with an increase in iron concentration although
the change is not as regular as has been observed

in the other oscillator parameters. This may pos-
sibly be attributable to small variations in the
measured maximum reflectance from sample to
sample.

The analysis of the reflectance spectra of
Fe,ZrSe, by means of the Lorentzian oscillator
model leads to a discussion of this system in terms
of an effective charge parameter. This parameter
is defined as

ex=2P (11)

T oul,,
where p is the electric dipole moment induced by
a displacement (z) of the atoms from their equilib-
rium positions and E is the macroscopic electric
field. In terms of the oscillator model, e} be-
comes

e;':'(mrio&/No)l/zwm ’ (12)

where m, is the mode mass given by Eq. (7), ¢, is
the permittivity of free space, N, is the density of
oscillators, and S, and w,, are oscillator parame-
ters. For unintercalated ZrSe, one finds e}~ 4e
which is consistent with the ionic character of this
material.*®

The results for the intercalated samples show a
monotonic increase in the effective charge param-
eter with iron concentration. This may be taken
as evidence for the strong ionicity of the semicon-
ducting phase, as suggested in Ref. 7. Further-
more, this may be viewed as a consequence of the
increase in electronic polarizability due to the in-
tercalated iron by an examination of Eq. (8). The
invariance of f(e¥), which represents a reduction
in the TO-phonon frequency from that which would
be expected from a “spring constant” model, has
been previously argued for the semiconducting
phase. Since in the case when electronic excita-
tions are considered to be localized, one finds® !4

fleH) xe¥? /e, +2

the increase in ¢, with x must be accompanied by
an increase in e to maintain the same TO-phonon
frequency at all iron concentrations. This depen-
dence of e} is shown in Fig. 7.

In summary, the infrared reflectance spectra
of the semiconducting phase of Fe,ZrSe, has been
studied as a function of iron concentration. The
results of the subsequent dispersion analyses may
be summarized as follows. A single reststrahlen
band was observed for the unintercalated host ma-
terial with wp,=102 ecm™. A Kramers-Kronig
analysis of all iron intercalated samples showed
only a single transverse-optical phonon frequency
which was very close to that for the host ZrSe,.
From this result it was concluded that no additional
vibrational modes were present due to the interca-
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lation of iron. The electronic polarizability of the
intercalation complex was observed to increase
linearly with iron concentration and this was at-
tributed to electronic oscillations of Fe atoms
within the Van der Waals gap. The oscillator
strength and damping were also found to increase
with iron concentration. As a consequence of the
increase both in electronic polarizability and oscil-
lator strength with a compositionally independent
oscillator frequency, the macroscopic effective
charge parameter showed a monotonic increase

with iron concentration beyond that of ZrSe,.
Finally, it should be noted that many of the qual-
itative effects of intercalation upon the infrared
reflectance spectra of Fe,ZrSe, reported in this
paper have also been observed in preliminary mea-
surements of other LTMD intercalation systems.'®
In particular, studies now in progress of the
Fe, TiSe, system have initially indicated an in-
crease in electronic polarizability with iron con-
centration which is very similar to the variation
obtained for Fe,ZrSe,. The remainder of the dis-
persion analysis is somewhat more complicated
due to the semimetallic nature of the system.'® A
preliminary Kramers-Kronig analysis of a few se-
lected compositions has suggested that the spectra
are best modeled by a dielectric permittivity
which includes plasmon modes as well as Lorent-
zian oscillator modes. This is at least in qualita-
tive agreement with results that have been recent-
ly reported for TiSe,.'™2°
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