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Abstract. The temperature dependence of the reflectance of the spin glass materials
RaMoz07.-5 (R: Sm, Gd, and Ho) has been measured for frequencies from 40 to 40000 cm—!,
The Ac conductivity of SmzMoa07_s, derived from Kramers-Kronig analysis, indicates a Drude-
like behaviour as the temperature is lowered. Between 130 and 40 K the scattering rate shows
a sharp drop which is attributed to the scattering of conduction electrons by short-range ordered
moments of the Mo ions, Below the spin glass transition temperature T (=40 K) the scattering
rate saturates due to the freezing of the moments, GdaMoxO7_; behaves like a poor metal
at room temperature, but at low temperatures shows a linear increase in the conductivity for
frequencies up to 400 cm~! suggesting a localized hopping conductivity. The localization
remains in the spin glass state for T < T¢ (=25 K). The conductivity of HozMo209_; is
semiconductor-like with a small and slightly temperature-dependent gap around 0.25 eV. Our
optical results support a qualitative band model proposed by Sleight and Bouchard for the
pyrochlore oxides.

1. Introduction

The pyrochlore oxides RyMo207_; (R: one of the rare earth elements) show spin glass
transitions at low temperatures, but they differ from usual spin glasses in the fact that the
frustration results from intrinsic geometrical factors, rather than from a random distribution
of magnetic or non-magnetic impurities [1, 2, 3, 4, 5]. One. of the characteristic properties
of a spin glass is a magnetic susceptibility that begins to deviate from the Curie law at
temperatures T 3> Tp, where Ty is the spin freezing temperature. This property suggests
that there are some short-range ordered moments present at higher temperatures. Also, in a
metallic spin glass, the DC resistivity exhibits a broad maximum at a temperature Ty, 33> Tt.
This was found for example in AuCr, AuMn, AgMn, and CuMn alloys and was attributed to
the scattering of conduction electrons by local magnetic clusters (short-range order) formed
below T [6]. Reflectance spectroscopy can be used in a metallic RyMoz0O7_5 material to
study the temperature and, more importantly, the frequency dependence of the scattering rate
of conduction electrons leading to information about the interaction between the conduction
electrons and the magnetic Mo ions.

The DC resistivity of RyMo207_; shows evidence of a metal-semiconductor transition as
the size of the rare earth ion (R) is decreased [7]. Sleight and Bouchard (SB) have proposed
a qualitative band model for pyrochlore oxides which is shown in figure 1 [8]. In this model,
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Figure 1. Band structure model of pyrochlore oxides proposed by Sleight and Bouchard (see
8D

the transition is governed by the presence of a small gap between the full narrow Mo-O
n*a valence band and the empty broad RO ¢* conduction band. Reflectance spectroscopy
can be used to gain insight into electronic excitations in these materials. For non-metallic
RaMo;07_5 an absorption threshold should appear in the conductivity spectrum, if the
absorption is due to electrons across the semiconducting gap. If the absorption is due to
hopping within Anderson localized states, then a monotonically rising conductivity should
appear in a low-frequency region at low temperatures [9]. No optical measurements exist
for these materials, but with the recent availability of the R;Mo,07_; single crystals (R:
Sm, Gd, and Ho), the conduction mechanism in these materials can be investigated with
optical technigues.

The crystal structure of the pyrochlore oxides has been determined by powder neutron
and x-ray diffraction [10, 4]. These crystals have a face-centred cubic structure with a space
group of Fd3m. The R and Mo ions each form an infinité three-dimensional lattice of
corner-sharing tetrahedra. With antiferromagnetic coupling between the nearest-neighbour
Mo ions, such positions are highly frustrated.

The DC resistivity and susceptibility of the RyMo,0;_; single crystals were measured
using a four-probe technique and a SQUID magnetometer, respectively. The details of the
results will be published separately [11]. Here we only show a brief result that is related
to the optical results. Figure 2(a) shows the DC resistivity of a crystal of SmaMoyOq_s.
The resistivity increases slightly as the temperature is lowered from 300 to 150 K. As the
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Figure 2. (a} The oC resistivity of SmayMosG7..5; (b} the inverse susceptibility of SryMozQy_p
up to room temperature (the solid line is the result of the Curie law fitting at high temperatures);
(c) the susceptibility of SmzMo20y_; at low temperatures (squares: zero-field cooling data;
itangles: field cooling data; solid lines: guide to the eve). .

temperature is reduced further the resistivity drops sharply, but surprisingly, it turns up again
at 40 K. The zero-field cooling (ZFC) inverse susceptibility, shown in figure 2(b), shows the
Curie law behaviour at high temperatures and deviates from this law below ~150 K which
is due to a partial short-range ordering of the Mo ion moments in this temperature range.
From the Curie law fit, the Curie temperature ©® and effective moments pey were found
to be 110 K and 2.6up per SmMoOs 5_s2, respectively. Figure 2(c) shows the magnetic
susceptibility of the SmoMoyO7_s crystal. Below the freezing temperature Ty (~350 K} the
susceptibility depends on the history of the applied magnetic field: with ZFC some of the
magnetic moments are frozen at low temperatures, a characteristic of spin glass materials,

The DC resistivity of the GdzMo207_; crystal, shown in figure 3(a), is quite different
from that of SmeMo;O7_;. The resistivity is non-metallic, increasing as temperature is
lowered, but it also has a bump that appears between 10 and 35 K shown clearly in the
inset. Figure 3(b) shows the inverse susceptibility of Gd,;Mo20+._s. The deviation from the
Curie law occurs around 100 K and from a fit to the higher-temperature data one obtains the
values of ® and pegr 0f 25.9 K and 8.3 per GAMoQ;3 5572, respectively. The susceptibility
of the GdyMo»0O7_; crystal shown in figure 3({c) is sirnilar to that of SmaMo207.5 and shows
that some spins at the Mo ion sites are frozen below 25 K.

Figure 4(a) shows the DC resistivity of the HooMos Oy crystal. It has an activated
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Figure 3. (a) The pc resistivity of GdaMo3;Or-s up to room temperature. The inset is the
DC resistivity at low temperatures. (b) The inverse susceptibility of GdaMoaOy_5 up to room
temnperatuse, The solid line is the result of the Curie law fitting at high tempetatures. {c) The
susceptibility of Gd;Moz07_; at low temperatures (squares: zero-field cooling data; triangles:
field cooling data; solid lines: guide to the eye).

semiconductive behaviour which is clearly shown in the inset of In{p) against 1000/7T.
The activation energy, E,, deduced from the slope is 35 meV. The inverse susceptibility of
the HoaMosO9_s crystal up to room temperature is shown in figure 4(b). It adheres to the
Curie [aw down t© 20 K. The values of ® and p.g were found to be —1.3 K and 10,9 up
per HoMoOs 5_s2, respectively. Figure 4(c) shows the susceptibility of HoaMo,O4_s which
suggests that a spin glass state develops below 20 K.

2. Experimental details

The optical measurements were performed on single crystals of SmMoyQ7_5, GdaMo0207_3,
and HosMoyOq_5. The crystals were glued to the tip of a pyramid-shaped sampie holder
which diffusely scatters all radiation that misses the sample. The sample and the stainless
steel reference mirror were mounted on holders that were screwed onto the faces of a
copper block cold finger and oriented at 90° with respect to each other. The cold finger
was cooled using an R G Hansen High-Tran continuous-flow cryostat which could vary the
sample temperature between 10 and 300 K. The temperature dependence of the reflectance
was measured using a home-made Michelson interferometer for frequencies hetween 40
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Figure 4. (a) The DC resistivity of HoaMo20O7_5. The inset is the plot of In(p} against 1000/ T,
(b) The inverse susceptibility of HopMo207_s up to room temperature, The solid line is the
result of the Cude law fitting. (c) The susceptibility of HooMooQy_; at low temperatures
{squares: zero-field cooling data; triangles: field cooling data; solid lines: guide to the eye).

and 9000 cm™!. Another home-made grating spectrometer was used to measure the room-
temperature reflectance from 3800 to 40000 cm~!. A normalized power spectrum was
obtained by taking the ratio of the spectra from the sample and the reference mimor. At the
end of the measuremnent a metallic film was evaporated in situ onto the sample surface. The
geometrical differences between the sample and the reference mirror were taken into account
by remeasuring the normalized power spectrum of the coated sample and the reference mirror
at each temperature. The absclute value of the reflectance of the sampic was obtained by
taking a ratio of these two normalized power spectra and multiplying the ratio with the
known reflectance of the evaporated metal [12].

3. Results and discussion

3.1 Sm2M0207_3

Figure 5 shows the far-infrared reflectance specira of SmpMo,0y_; at five temperatures.
All spectra have phonon peaks superimposed on a background showing a characteristic
metallic decrease of reflectance with frequency. As temperature is reduced the refiectance
increases uniformly for all but the 10 K data. Its reflectance is higher than the 40 K data
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only for frequencies betow 150 cm™'. The inset to figure 5 shows the room-temperature
reflectance of SmaMo207—5 up to 40000 cm™!, It decreases smoothly with frequency up
to 10000 cm™!, followed by an increase due to the presence of a broad peak centred
at 30000 cm™'. Low- and high-frequency extrapolations of the reflectance data must be
used in the calculation of the optical constants using Kramers—Kronig analysis. At low
frequencies the relation R = 1 — A,/& was used to extrapolate the reflectance, where A is
a constant determined by the value of the reflectance at the lowest experimental frequency.
The room-temperature reflectance between 700 and 40000 cm™' was used to extend the
low-temperature reflectance spectra. This extrapolation does not significantly alter the low-
frequency conductivity since the slopes of the low-temperature spectra are similar to that
of the room-temperature data. Beyond 40000 cm™ the reflectance was extrapolated using
an @™ frequency dependence.
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Figure 5. Reflectance of SmpMozO4_; at far-infrared frequencies a¢ 10 (dashed lined, 40, 100,
150, and 300 K (from top to botiom). The inset shows the reflectance of SmyMo,O7_5 vp to
40000 cm~! at 300 K.

The inset to figure 6 shows the room-temperature optical conductivity of SmyMo,07.;
obtained from Kramers—Kronig analysis. Note that there is a broad absorption peak centred
at 25000 ecm™! which is associated with the reflectance peak around 30000 cm™. It is
assigned as an interband transition between the lower valence band and the conduction band.
This will be discussed in more detail later on.

The conductivity of SmaMo,07_5 at far-infrared frequencies is shown in figure 6. The
overall conductivity consists of two components: (1) the sharp phonon absorption peaks and
(2) the continuum background. To isolate the continuum background in oy {w) the phonon
lines were fitted to Fano lineshapes [13] with the baseline fitted to constant, linear, and
quadratic terms as shown in the following formula: )

Xi +q;

o1(w) = a + bw + cw? -I—Zd T 2

(1
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Figure 6. Real part of the far-infrared ac conductiviey of SmaMo207_; at 10 (dashed line), 40,
100, 150, and 300 K {from top to bottom). The inset shows the real part of the ac conductivity
of SmzMo307_s at 300 K as a function of frequency up to 40000 cm™'.

where x; = (@ — w;)/¥, a, b, and ¢ are constants, n is the total number of the phonon
lines, w, is the phonon frequency, 3; and 4; are width and strength parameters, respectively,
and g; describes the asymmetry of the ith phonon. Note that the Fano lineshape will be
symmetric if g; 3> x;1. There are six phonon modes.in o1 {w) (the lowest-frequency mode
in the 100, 150, and 300 K data is very weak). All.modes except the one at 345 cm™!
are symmetric. Little temperature dependence was found in the 101, 129, and 510 cm™!
modes. The 210 em™' mode narrows and hardens 'at low temperatures. The 345 cm™" mode
is symmetric at room temperature. . At lower temperatures it becomes asymmetric (i.e. the
absolute value of g decreases) and hardens.

The phonon fits were used to subtract their contribution from the total conductivity,
leaving only the background conductivity o2 {e) shown in figure 7. The DC conductivity of
the SmyMo0,07_; crystal at 300 K is shown as a filled square on the left vertical axis. There
is a nearly 150 Q™! em™! difference between the DC conductivity and the extrapolated value.
Note that ¢} (w) at room temperature decreases only slightly with increasing frequency. This
is characteristic of a poor metal with a broad Drude peak centred at zero frequency. As the
temperature is lowered o*lb(w) increases in a Drude-like manner. A conductivity anomaly
occurs in the 10 K data where a{’(w) shifts downward in comparison to the 40 K data.
This unusuai behaviour is in accord with the DC resistivity of SmzMo;07_s which shows a
resistive minimum at 40 K. The Drude model,

@p(T)?yp(T) )

3 3 2)
dm[ew* + yp(T)?]

where yp(T') and wy (7)) are the scattering rate and plasma frequency. respectively, was used

oplw.T) =

t All of the fitting parameters of the Fano lineshapes for RaMozO7-5 (R: Sm, Gd, and Ho) are available to
interested readers upon request and the e-mail address is: caon@memail.cis.memaster.ca.
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Figure 7. Background Ac conductivity of SmyMoz07_s obtained by subtracting the phonon
absorption peaks from the overall conductivity at each temperature. The valve of the pc
conductivity of SmzMoxOq_5 at 300 K is shown as a filled square on the left vertical axis.

to fit the background conductivity. Figure § shows the resulting temperature dependence
of these two parameters. The scattering rate gently decreases as the temperature is lowered
from 300 to 150 K. At lower temperatures it drops sharply until it finally saturates for
temperatures below 40 XK. Above 150 K the slope of yp(T) results from phonons and
one gets & = 0.19 using the formula yp(T) = 2mAkgT, where A is the electron—phonon
coupling constant. The scattering of conduction electrons from the short-range ordered Mo
ions, which sets in at about 150 K, causes the sharp decrease of yp{(T) between 150 and
40 K. The fact that in the temperature range of 40 to 150 K the behaviour of yp(T) is
similar to that of the DC resistivity of SmeMo207_; implies that the sharp decrease in the
scattering rate gives rise to the steep drop in the DC resistivity. If this picture is correct, the
saturation of yp(7) below 40 K is due to the freezing of moments on the Mo ions.

It is noted that the overall scattering rate of SmoMo;O49._5 is quite large, much larger
than what is seen in conventional metals, but it is comparable with that of other magnstic
systems such as chromium (yp({7" = 300 K) =~ 340 em™"), URu,Siz (1p(T = 90 K) = 3000
em™1) and UNizSis (yp(T) = 500 cm™" at 140 K in the basal plane and 800 em~! at 300 K
along the c-axis) {14, 15, 16]. Also note that the overall scattering rate of SmpMo207_;5
consists of two components: the temperature-dependent one, which has been discussed
before, having phonon and magnetic origins, and the temperature-independent background
which is associated with the large temperature-independent component of the DC resistivity
of SmeMo;07_5. The origin of this background is not clear, however, the fact that there is
always some large temperature-independent component in the DC resistivity of conventional
metallic spin glass materials suggests that it might be related to impurity scattering [6].

The Drude plasma frequency @, (T') increases slightly as the temperature is lowered from
300 to 150 K. It then drops from 150 to 70 K and another maximum appears at 40 K. Finally,
it drops again from 40 to 10 K. The decrease of w,(T) from 40 to 10 K gives rise to an



Optical properties of RoMo,07_5 2497

1800 I—l 1 I 1 I i l ] I L
1 Sm,Mo, 0., 1
1600 _ 2N2MT-8 o
< 1400- -
o 1
% 1200 -
F - - =
1000 @ [
800
7000 4 —
g 6800j -
\—E'- A T
g 6600 B
T :_ Figure 8. (a) The temperature dependence of
__ " the: scattering rate of SmoMo20O7_y found by
6400 e e e . fitting the background conductivity in figare 7

. to the Drude conductivity formula; (b) the
0 50 100 150200250 300 temperature dependence of the plasma frequency of

T (K) Sy Mo, Oq_;.

increase in the DC resistivity and a decrease in the AC conductivity in the same temperature
range. The slight increase in the DC resistivity from 300 to 150 K cannot be explained by
the optical results, which suggest that the resistivity decreases in this temperature range.
It should be noted that a room-temperature carrier density of 5.0 x 102 cm~? is obtained
from the plasma frequency, assuming that the effective mass of the conduction electrons is
equal to that of the free electron. This value is characteristic of a poor metal.

The behaviour of yp(T), which mainly has a magnetic origin., can be understood in terms
of a picture of the temnperature dependence of the spin correlation function {S()S(r) of the
Mo ions, where r is the spacing between two nearest-neighbour Mo ions. The correlation
function is quite small at high temperatures due to thermal fluctuations, begins to increase
as the temperature is reduced to the value of the exchange integral, J, which is proportional
to the Curie temperature & (= 110 K), and saturates as spins on the Mo ion sites are
frozen below T;. Therefore, the scattering experienced by conduction electrons from the
magnetic Mo ions is incoherent at high temperatures, becomes more and more coherent as
the correlation develops, and, finally, reaches a constant value as a result of the saturation
of the spin correlation.

At this stage it is unclear why the DC resistivity of SmaMoz0O7_s shows the upturn below
40 K. One possibility could be 2 pseudogap opened at the Fermi surface with an energy scale
below our experimental limit. The decrcase in the plasma frequency in this temperature
region might mean a reduction in the free carrier density provided that the effective mass
of free carriers is constant. It is also possible that the upturn is due to the Kondo effect
with spin exchanges between Sm ions and conduction electrons. It is an open question
whether or not there is a physical connection between the DC resistivity anomaly and the
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spin frustrations in the spin glass state.

3.2, GdhMoy (s

The temperature-dependent far-infrared reflectance of GdaMo,0Q7-; is shown in figure 9.
The room-temperature spectrum is similar to that of SmaMo,07_;, in that there are some
phonon peaks superimposed on a background reflectance that decreases with frequency. In
contrast to SmyMo,0O7_; the overall refiectance of GdaMo, 0.5 decreases as the temperature
is lowered. However, this result is consistent with the DC resistivity measurement which
shows an increasing resistivity as the temperature is lowered. Note that an anomaly occurs
in the 25 K data. When comparing it to either the 10 K or 100 K data it is apparent that
the reflectance is higher at Jow frequencies and lower at high frequencies. The inset to
figure 9 shows the room-temperature reflectance of Gd;M0,0..5 up to 40000 em~!. The
reflectance decreases with frequency up to 10000 cm™! where it turns up and has a peak
centred at 35000 ecm™!. The extrapolations used for Kramers—Kronig analysis were the
same as those used for SmpMo,07_s. The resulting room-temperature conductivity up to
35000 cm™! is shown in the inset to figure 10. As was the case with SmaMo,07; there
exists a strong interband transition peak centred near 27 500 cm!.
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Figure 9. Reflectance of GdaMo304_5 in the far-infrared region at 300, 100, 25 (dashed line),
and {0 K (from top to bottom). The inset shows the reflectance of GdaMozOy_5 at 300 K up
to 40000 cm™!,

Figure 10 shows the temperature-dependent far-infrared optical conductivity of
GdaMoz07-5. Excluding the 25 K data, it consists of phonon peaks superimposed on a
continuum background which decreases in strength as the temperature is reduced. This
behaviour is different from thadt of SmaMoaO7_; at low temperatures. As was the case for
SmaMo,07_s equation (1) was used to fit oy (w) allowing a separation of the phonon ‘and
background contributions to the conductivity.

The background conductivity a}’(w) of Gd;Moea0O;_; at 300, 100, 25, and 10 K is shown
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Figure 10. Real part of the far-infrared ac conductivity of GdzMo2Os_s as a function of
frequency at 300, 100, 25 (dashed line), and 10 K (from top to bottom). The inset shows the
real part of the ac conductivity of GdaMoyO7-5 at 300 K as a function of frequency up to
35000 cm™L.

in figure 11, Also shown is the DC conductivity of Gd;Mo;0;_s at 100 and 300 K. Note that
the room-temperature DC conductivity is neéarly 100 @' cm™! smaller than the extrapolated
value at zero frequency. Also note that the-room-temperature conductivity increases slightly
with frequency. At low temperatures a conductivity depression occurs below 400 cm™!.
The conductivity behaviour of GdoMosOq_; can be understood in terms of Anderson
localization. In this model the Fermi level Eg is in the region of the density of states
where the states are [ocalized and DC conductivity is induced by excitations of conduction
electrons to the mobility edge E., which separates localized states from extended states.
The almost frequency-independent AC conductivity at room temperature is due to optical
excitations of those electrons which have been thermally activated to E. and, therefore,
behaves like a poor metal. The hopping conductivity has been studied by Mott and Davis.
They have given an expression describing the temperature and frequency dependence of
oi{w) [17]. The linear-dependent conductivity with frequency up to 400 cm™' displayed
by GdMoyOy—5 at 100, 25, and 10 K is in agreement with the theory of Mott and Davis
and is due to the optically activated hopping of conduction electrons within localized states.
It should be pointed out that such a hopping conduction process has been found in the
fer-infrared absorption spectrum of the neutron-transmutation-doped germanium [18].
Mott pointed out that for Anderson localization the DC conductivity behaves as
~ ggexpl—(E,— Er)/ kg T] at high temperatures and = ¢, exp[—{(Q/ kg T)**] (the variable-
range hopping conductivity) at sufficiently low temperatures, where @ = 1.5a%/N(EF),
N(Eg) is the density of states at Er and o represents the fall-off rate of the envelope
of the wave function ¢ ~ exp(—ar) [19]. This behaviour has been observed in the
(Dyx Y| —x)2Mo020; pyrochlore materials by Raju and Rangarajan [20]. The following
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Figure 11. Background Ac conductivity of GdaMooOr_ s which was obtained by subtracting the
phonon peaks from the overall conductivity shown in figure 10 at 300, 100, 25 (dashed line),
and 10 K {from top to bottom). The values of the nc conductivity of GdaMoz07_s at 300 and
100 K are shown on the left vertical axis as a filled square and circle, respectively.

formula,

o = agexp[—(E: ~ Er)/ ksT1+ o exp[—(Q/ ks T)"] (3)
was used to fit the DC conductivity of GdyMo;04-5. Figure 12 shows the result of the fit
together with the DC conductivity data. The fit is good at high and very low temperatures
(T £ 25 K), but it does not agree with the experimental data at intermediate temperatures.
The resulting parameters are op = 678 Q™! cm™!, E; — EF = 324 cm™!, o) = 1.81
Q™! cm™!, and @ = 1.70 cm~!. Le Comber et al studied the transport properties of
amorphous Si films [21]. In their studies the temperature dependence of the DC conductivity
was divided into three regions: from room temperature to the temperature Ty the conductivity
is due to thermal excitations of carriers to the mobility edge with an activation energy
E. — Eg; the slope of In[opc(T7] against 1/T changes at 7). Between T, and T, the
conductivity takes place through phonon-assisted hopping within the localized states and
1s still activated but with a smaller energy E; — Er + W, where E; is the energy around
which hopping occurs and W, is the hopping energy; for T < T3, E, approaches Er and
W, decreases as the temperature is lowered. As E, approaches Er the conductivity is
x exp[(—Q/ks T)**1.

The DC conductivity of GdzMo;04_5 can also be divided into three regions: the high-
temperature region between room temperature and T; (~180 K), in which E. — Ep = 324
cm™!, the intermediate-temperature region between 77 and T> (=25 K) where the slope of
Infope(T)] against 1/ T decreases continuously, and the low-temperature region for T’ < Iz
where the conductivity is described by variable-range hopping. The difference between
Gd;Mo,07_s and amorphous Si film is that the slope is not constant for GdyMo2O5_; in
the intermediate-temperature region which indicates that the movement of E, towards Eg
and the drop of W, have already taken place in this region. This could be caused by a



Optical properties of R2Mo204_;5 2501

6 ' I L | 1 | L | !

5 Gd_Mo,,0 -
2"%2%7.5 .

418 Squares: experimental data [~

3. Solid line: fitting curve

Ln(s) (Qem)"

0 40 80 120 180 200
1000/T (K1)

Figure 12. Logarithmic o¢ conductivity of GdzMo07-;5 as a function of 1000/7 shown as
squares. The solid line is the fitted result using equation (3) in the text.

magnetic interaction between conduction electrons and magnetically shoﬂ-range ordered
Mo ions. Our far-infrared optical results shown in figure 11 support this interpretation. The
almost flat AC conductivity at 300 K results from optical excitations of conduction electrons
in the extended states just above E., whereas at low temperatures the conductivity begins to
be depressed at 400 cr™!, which is roughly equal to the value of E, — Eg given above, and
this is caused by the optically activated hopping of electrons in the localized states below
E,. Using the fitted @ and assuming ¢} = 10 A, the same order as the lattice constant
a (=10 A), then one gets N(Eg) = 4 x 102 em™? V™!, a reasonable value slightly higher
than that of a typical semimetal.

it should be noted that there is a conductivity anomaly in the 25 K data: 0'1"(0)) at
this temperature is lower than that at 10 K.-As mentioned earlier there is a bump in the
DC resistivity between 10 and 35 K. Also, a Curie temperature of 26 K is dedoced from
fitting the high-temperature susceptibility. These two observations suggest that there might
be another scattering process around 25 K which has a magnetic origin. We believe that
this extra scattering is responsible for the presence of the AC conductivity anomaly at 25 K
and may be caused by spin frustrations which exist in the spin glass state around 25 K.

At room temperature GdyMorQ4—; has five symmetric phonon modes at 99, 126,
204, 345, and 512 cm™'. As the temperature is reduced the phonon line shapes become
asymmetric which is quantified by the dramatic reduction in the absolute value of the
parameter g (the only exception is the 126 cm™! mode at 10 and 25 K). The 99, 126, and
204 ecm~! modes narrow and the 10 K data show that the mode positions shift to 104,
131, and 225 cm™’, respectively. The width of the 345 cm™' mode does not change as
the temperature is reduced to 10 K, but it does shift to 360 cm™'. The 512 cm™ mode
becomes broader and hardens to 520 cm™'. In Fano’s paper the width of the resonance, 2y,
- is equal to 27| Vg |?, where V[ is the coefficient of the resonance—continuum (in our case the
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electron—phonon, e~p) interaction and the position of resonance is at £ = E, + F, where
E, is the position with Vg = 0 and F(E) = P [dE'|Vg|?/(E — E') which determines
the shift of the position of the resonance [13]. The localization of the free carriers at low
temperatures causes a reduction of e—p interaction and gives rise to the narrowing of the
three lowest-frequency modes. The increase of the e—p interaction for the 512 cm™! mode
at low temperatures leads to the widening of this mode. These two effects cancel each other
out for the 345 cm™! mode because at this frequency most of the electrons at localized states
are excited to the extended states above E.. This accounts for its unchanged width. The
shape of the phonons can be understood qualitatively. According to Fano’s paper [13)]

g = I
AVEWEIT 1)

where (®|T|i) is the transition matrix element between an initial state { and the modified
discrete state ¥, in which a real discrete state ¢ is admixed with states of the continuum,
and (¥ z|T|?) is another transition matrix element between the state { and the unperturbed
continuum state r. We assume that the numerator in equation (4) is a dominant factor in
determining the value of g. At low temperatures electrons are localized and the conductivity
results from phonon-assisted hopping so that the matrix element (®|T|i} is much smaller,
and, therefore, ¢ is much smaller causing the phonon shape to be asymmetric. At room
temperature conduction electrons in the extended region can be optically excited to a higher
energy level without phonon assistance and as a result (®|7'[¢) becomes larger which leads
to a symmetric phonon shape.

)

3.5 H02M0207_5

The frequency dependence of the reflectance of HoyMo,O7_; at 300, 100, 40, and 10 K
is shown in Figure 13. At far-infrared frequencies several phonons are superimposed on a
smooth background reflectance that decreases with increasing frequency at each temperature.
The overall reflectance decreases between 300 and 100 K and becomes temperature
independent below 100 K. Unlike the SmaMoz04..5 and Gd;Mo,07_; refiectance spectra,
the HogMo20Ov_; spectrum shows a sharp drop at the end of the far-infrared region with
a minimum at 700 cm™!, This feature is independent of temperature and develops into a
deep valley at low temperatures. Interestingly, a peak shows up near 2000 cm™! which is
absent from the reflectance spectra of SmyMo,07_5 and GdaMo,O4_; and changes slightly
as the temperature is lowered. The inset to figure 13 shows the room-temperature reflectance
spectrum up to 40000 em~!. It exhibits a broad peak at high frequencies.

The temperature dependence of the optical conductivity of HooMe207_;, obtained from
the Kramers—Kronig transformation using the same extrapolations as before, is displayed
in figure 14¢a). In the far-infrared region, three phonons can be seen superimposed on a
continuous background. The background becomes weaker as the temperature is lowered
from 300 to 100 K and is independent of temperature below 100 K. The background
conductivity is separated from phonons using the same procedure as the one used for
SmyMo;07-; and Gd;Mo,07_;.  All phonon modes except the one at 225 cm™! are
symmetric. As the temperature is reduced, all modes harden with little change in their
widths. The inset to figure 14(a) shows the resulting far-infrared background conductivity
at 300 and 100 K. It is essentially independent of frequency and the magnitude changes
from 70 (2! cm™!) at 300 K to 20 (2~! cm™*) at 100 K. The value of the BC conductivity
at 300 K is 163 ' em™! which is 90 ' cm™’ larger than the value of the far-infrared
conductivity extrapolated to zero frequency at the same temperature. It is reminiscent of the
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Figure 13. Reflectance of HoyMoz07..s in the frequency range up to 5000 cm™! at 300, 100,
4¢, and 1¢ K (from top to bottom). The inset shows the reflectance of HopMoaOy_5 at 300 K
up to 40000 cm™!,

free carcier conductivity of a semiconductor which decreases as the temperaturs is lowered,
There are several problems with this idea. Firstly, the flatness of the conductivity implies a
very large scattering rate, of the order of the bandgap. Secondly, it is hard to understand the
temperature-independent conductivity below 100 K. It seems that the conductivity somehow
reaches a minimum value at 100 K and cannot decrease further. It should be noted that
an asymmetric peak appears around 2000 cm™'. This peak shifts slightly towards lower
frequencies with. decreasing temperature and does not change below 40 K. There is no
interband transition around 2000 cm™' due to the crystal field effect of Ho™ [22]. It
appears 1o be due to excitations of electrons acrogs a small semiconducting gap A with a
value ~22000 cm™! (~0.25 eV) between the valence band (next to the conduction band) and
the conduction band. This will be discussed in detail in the next subsection. Figure 14(b)
shows the room-temperature conductivity spectrum over a wider range, up to 40000 cm™,
Generally, the conductivity increases with frequency and there is 4 broad interband transition
peak centred at 32000 cm™' which has also been seen in Sm;Mo.07_; and Gd;Mo207_;
at the two different frequencies. Note that there is a weak structure around 10000 cm™!
which is not real. Tt is due to a small structure in the merge area of the reflectance spectra
from two runs of the experiment covering two different frequency ranges, shown in the
inset to figure 13 around 10000 cm™!.

3.4. Discussion

According to the SB model the band structure of pyrochlore oxides, which is shown
schematically in fipure 1, can be considered in terms of two interpenetrating networks
of RyO and 2MoQ; [8]. The two hybridization bands, the (full} narrow Mo-O 7*a
valence band and the (empty) broad R-O &* conduction band, are separated by a small
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Figure 14. (a) The real part of the ac conductivity of HopMoezO7_5 as a function of frequency
at 300, 100, 40, and 10 {dashed line) K (from top to bottom). The jnset shows the far-infrared
background conductivity at 300 and 100 K (top and bottom). The value of the b conductivity
of HoaMo209_s at 100 K is shown on the left vertical axis as a filled circle. (b} The real part
of the ac conductivity of Ho;Moa07._; at 300 K as a function of frequency up to 40 000 em=!,

energy gap A in the semiconducting RaMo;O4_; materials with a smaller ionic radius of
R*. As the radius increases the conduction band moves downward and these two bands
ultimately overlap [eading to the metallic behaviour, The big absorption peak observed in
the optical conductivity spectra of RoMo207..5 at high frequencies can be assigned to optical
excitations of electrons across the interband gap E, between the lower filled R-O o and
Mo-O n valence band and the conduction band. Figure 15 shows the interband gap £, of
RaMo,0;_;s as a function of the ionic radius of R3*, It was found that E, increases linearly
with decreasing ionic radius which attests to the applicability of the SB model. HooMoyOq—g
is a semiconductor with A =~ 2000 cm™' (~0.25 eV) and E, ~ 32000 cm~’. This is also
indicated in the DC resistivity result shown earlier, but the value of the gap (E, =~ 0.035
eV) deduced from the DC resistivity is much smaller than that (A} from the AC conductivity.
In Gd;Mo207_5 E; is reduced to ~27 500 cm™! and, therefore, those two bands (Mo-0
m*a and R-O ¢* bands) overlap slightly. This leads to a band structure in which localized
states separate from extended states by a mobility edge £.. The Fermi energy Ey lies at the
localized region 300400 cm™! below E., which has been estimated from both the optical
and DC resistivity measurements in this paper, resulting in Anderson localization in this



Optical properties of RyMo, 075 2503

crystal. It should be noted that Anderson localization can only happen where there exist
some random potential fields to cause the localization of the one-electron wave function
[9]. These fields could be built up by some oxygen deficiencies in the GdaMos07_; crystal.
Recently, the oxygen content was determined by refinement of site ocupation parameters
on the x-ray data and § turns out to be ~0.22 [23]. This can also be seen indirectly in
the DC resistivity measurement on a fully oxygenated polycrystalline Gd,Mo,07-; sample
which exhibits a metallic behaviour [7]. SmeMo204_; is 2 metal because the full Mo—O
7*a band completely merges into the empty R~Q o band which can be seen from a further
decrease of E, to 25000 cm™.
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Figure 15. Interband gap of RzMozO7_s between the lower valence band and the conduction
band as a function of the ionic radius of R** for the expected coordination. The solid straight
Yine is the least-squares fit to the data.

4, Conclusions

The temperature dependences of the AC conductivity of the spin glass materials
SmyMoz097_5, GdaMo207_5, and HosMo,05_; were obtained by measuring the reflectance
of these crystals and by performing Kramers-Kronig analysis on the resulting spectra. The
conclusions that can be drawn are as follows.

(1) The AC conductivity of SmazMo,0;.; shows that it is a poor metal with a large
Drude peak width at room temperatore. With decreasing ternperature it continues to exhibit
a metallic behaviour. The scattering rate, which is deduced from fitting the far-infrared
conductivity using the Drude formula, drops sharply between 150 and 40 K due to the
scattering of the conduction electrons by short-range ordered moments of the Mo ions. The
scaltering rate saturates below 40 K because the moments are frozen in the spin glass state,

(2) The empty conduction band and the nearest full valence band overlap slightly in
GdyMo;07_; causing Anderson localization, in which the density of states at Er is localized.
At room temperature electrons are thermally excited to the mobility edge E; and the AC
conductivity is by optical excitations of those electrons in extended states. This results
in a behaviour characteristic of a poor metal. In contrast, at low temperatures electrons
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are localized and the low-frequency AC conductivity is achieved in terms of the optically
activated hopping of electrons in localized states which shows a linear depression below
400 cm™'. The localization of electronic states and the phonon-assisted hopping process
cause the asymmetric shape of the phonon resonances in the conductivity spectra at low
temperatures.

(3) HooMo, 075 is a semlconductor with a small gap of A =~ 2000 cm™! (~0.25 eV).
The gap value decreases a little as the temperature is reduced and does not change below
40 K. The far-infrared condnctivity is independent of frequency at all temperatures. Its
magnitude shifts downward between room temperature and 100 X and is independent of
temperature below 100 K.

An interband transition peak was found in the ultraviolet region of all these crystals. The
position of the peak increases linearly as the ionic radius of R is decreased. It supports the
following picture of a metal-semiconductor transition in RaMo,O7_; within the $B model.
The full narrow Mo—Q m*a valence band and the empty broad R-O ¢* conduction band
are separated with a semiconducting gap for R = Ho in Ho;Mo;057..5. With the increase
of the ionic radivs for R = Gd these two bands overlap slightly due to the R—O o™ band
shifting downward and Anderson localization occurs for Gd;Mo,Q5_;. The degree of the
overlap increases for R = Sm turning SmaMo;07_; into a metal.
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