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Abstract: We present the results of the temperature dependence of the Raman spectra of pyrochlore 

Cd2Os2O7 single crystal in a temperature range of 100 -270 K. We found that, among the six 

observed Raman active modes, the 762 cm-1 phonon has a significant peak shift and asymmetric 

Fano lineshape. The temperature-dependent of the frequency and full width at half maximum 

(FWHM) of the phonon shows the kinks near the Néel temperature. The complex temperature-

dependent asymmetry Fano parameter and the anomalies of the FWHM below Néel temperature 

indicate coupling of the 762 cm-1 phonon to both electron and spin degrees of freedom. In addition, 

we found the Fano asymmetry rapidly drops below the Néel temperature towards its minimum value 

of ~ 200 K. Thus, at temperature ranging from 200 K to TN, the pyrochlore is suggested to be in an 

all-in -all-out ordered semimetallic state. We also confirm that Raman scattering temperature 

dependence provides a simple and powerful method for investigating temperature transitions and 

coupling in pyrochlore materials. 

Keywords: Metal-insulator transition, electron-phonon coupling, spin-phonon coupling, Raman 

scattering. * 

1. Introduction 

The pyrochlore Cd2Os2O7 belongs to the class of metal–insulator transition (MIT) materials 

characterized by a high-temperature metallic state that is transformed into a low-temperature insulating 
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state at a critical temperature [1-5]. It carries important information about the fundamental property of 

electrons in crystals, since it is caused by certain electronic instabilities associated with Coulomb 

interactions among electrons, Fermi-surface instability, or couplings to other degrees of freedom. The 

MIT is significant for technological applications such as sensors and switching devices, in addition to 

the academic interest, because rapid changes in resistivity and optical absorption at the transition are 

advantageous for them.  

The coupling between various degrees of freedom (spin, electron, lattice, and orbital) is a key 

paradigm in condensed matter physics. It is known that such couplings can result in novel ground states 

and various emergent phenomena [6-9]. Recently, there has been a rise in interest in spin-phonon 

coupling and electron-phonon coupling in the context of multiferroics and spintronics, which also 

provide the opportunity to introduce novel functionality in transition metal oxides.  

In the 5d transition metal oxide pyrochlores, a continuous metal-insulator transition is often 

accompanied by all-in-all-out antiferromagnetic order. The Os spins in a given Os-O tetrahedron point 

inward (all-in), while those in the neighboring tetrahedra point outward (all-out). The extended nature 

of the 5d Os orbitals in a regime of intermediate electron correlation and large spin-orbit interaction 

means that this system may host several novel or topological states of matter. Due to the fact that AIAO 

order breaks time-reversal symmetry while maintaining the crystalline symmetry of the pyrochlore 

lattice, the intimate link between AIAO order and electronic structure is particularly noteworthy. The 

AIAO magnetic ordering at the Os sites has been firmly established by resonant X-ray and neutron 

diffraction below TN = 227 K.  

Raman scattering is an unique technique for characterization and quantification of electron-phonon, 

spin-phonon and spin-lattice coupling in many of the many compounds like multiferroics and 

manganites. Our results show that the temperature dependence of Raman scattering can be simple and 

powerful quantity for investigating the temperature transitions as well as the coupling between spin, 

charge and lattice vibration. In this work, we present a study of phonon hardening of 762 cm-1 phonon 

which is the strongest Raman-active mode in pyrochlore Cd2Os2O7 single crystal through temperature 

dependent Raman scattering. We discuss that the major contribution of the phonon hardening and the 

anomarlie behavior of asymmetry Fano parameter would involve to spin-phonon coupling and electron-

phonon coupling.  

2. Experimental 

2.1. Sample Preparation  

Pyrochlore Cd2Os2O7 single crystal was grown by the chemical transport method. In the beginning, 

a polycrystalline pellet was prepared from a mixture including CdO and Os in a sealed quartz tube with 

a suit amount of AgO serving as the oxygen source at 1073 K. Second, a temperature gradient of 1040-

1200 K was maintained in the furnace for a week with the pellet on the side with the higher temperature. 

Single crystals were then grown via a chemical vapor transport process.  

2.2. Raman Scattering 

Raman scattering spectra of the samples were obtained in a backscattering configuration with 

microprobe LabRam HR EvolutionRaman spectrometers. The 632 nm laser line was used as the 

excitation source with a laser power of ~ 1 mW on the surface of the sample. The beam power density 

was low enough to avoid laser heating in the measured temperature range. A 632 nm edge filter was 

used so that the spectrum at wavenumbers below 100 cm-1 was blocked. The sample was mounted in a 
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compact temperature stage (Linkam THMS600) for the temperature-dependent measurement from  

80 K to 300 K.  

3. Results and Discussion 

3.1. The First Order Phonon of Cd2Os2O7  

Cd2Os2O7 pyrochlore structure belongs to cubic space group Fd𝟑̅m and m𝟑̅m point-group with 

eight formula units per primitive cell. By making the correlation between site group and factor group 

for each site, and then eliminating the acoustic mode, we obtain the vibrational modes of Cd2Os2O7:  

Γ = A1g + Eg + 7T1u + 4T2g + 4T2u + 3Eu + 2T1g + 2A2u. The infrared (IR)-active vibrational modes have 

the 7T1u symmetry, whereas the Raman-active modes have the A1g, 4T2g, and Eg symmetries. 

 

Figure 1. The temperature-dependent Raman spectra of Cd2Os2O7 obtained from 100 K to 270 K  

under 633 nm laser excitation.  

Figure 1 shows the temperature-dependent Raman spectra of pyrochlore Cd2Os2O7 single crystal 

obtained from 100 K to 270 K. We observed six phonon modes at ~ 224; 256; 343; 453; 483 and  

762 cm-1. The six observed Raman peaks well agree with the reported experimental and theoretical 

values of the phonon modes of Cd2Os2O7 pyrochlore [10, 11]. By comparison with the previous reports, 

the four peaks at 224; 343; 453 and 762 cm-1 can be assigned to T2g, the peak at 256 cm-1 to Eg and the 

peak at 483 cm-1 to A1g. The sample shows similar Raman scattering peaks from 100 K to 270 K, which 

implies that the space group in the low-temperature phase is the same as that in the high-temperature 

phase, 𝐹𝑑3𝑚. Our Raman results also well agree with the previous XRD studies of the crystal structure 
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of the Cd2Os2O7 samples [12]. As a result, we draw the conclusion that in this compound, spatial 

symmetry breaking does not take place along the transition from low to room temperature. 

From Figure 1, all six phonon modes shift to a lower frequency when the temperature increases. 

The most interesting feature is that when the temperature changes from 100 K to 270 K, while other 

phonons shift only a few cm-1, the 762 cm-1 phonon (Ph6) shows significant shifting, about ~ 30 cm-1. 

In addition, this phonon mode has asymmetry lineshape. This clearly indicates the presence of strong 

interactions between the electronic background and the phonon modes.  

3.2. The Vibration of 762 cm-1 Phonon Mode 

Now we focus on the strongest shift Raman-active 762 cm-1 phonon mode. The crystal structure of 

A2B2O7 compounds depends on ionic radius ratio of rA and rB [13]. The most commonly seen structures 

are cubic pyrochlore and defective fluorite phases, and sometimes a monoclinic phase exists. When rA/rB 

= 1.46 – 1.78, pyrochlore structure steadily exists [14]. Cd₂Os₂O₇ crystallizes in the cubic Fd̅3m space 

group. Os5+ forms OsO6 octahedra by bonding with six equivalent O2- ions, and these octahedra share 

edges with six equivalent CdO8 hexagonal bipyramids. Cd²⁺ is bonded to eight O²⁻ atoms to form 

distorted CdO₈ hexagonal bipyramids that share edges with six equivalent CdO₈ hexagonal bipyramids 

and edges with six equivalent OsO₆ octahedra. Cd-O bonds come in two shorter and six longer bond 

lengths, lead to two different sites for Oxygen. In the first site, O(1) is bonded to four equivalent Cd²⁺ 

atoms to form corner-sharing OCd₄ tetrahedra, while in the second site, O(2) is bonded in a 4-coordinate 

geometry to two equivalent Os⁵⁺ and two equivalent Cd²⁺ atoms [15].  

 

Figure 2. Schemetic representation of the eigenvector for 762 cm-1 phonon mode. Cd, Os, O(1) and O(2) atoms 

are represented by the green, blur, red and yellow balls. The arrows show the directions and the amplitudes  

of the atomic displacements of the mode. 

The first-principles calculations were performed using density functional theory +U with the 

PBEsol exchange correlation functional. Based on the phonon eigen modes from first-priciples 

calculation, Figure 2 represents of the eigenvectors for the most Raman active phonon mode. As can be 

seen in Fig. 2, 762 cm-1 phonon mode corresponds to stretching modes, in which the O(1) atom 

displacements are mainly along the direction of the Os-Os bond. It also agrees well with the report of 

B. H. Zhang et al., [16]. The basic electronic properties of the metallic state are determined by three 5d 

electrons in the t2g manifold of the Os5+ ions, which form a semimetallic band [3]. Since Sleight and 

colleagues reported a sharp increase in resistivity below 225 K, the osmium pyrochlore oxide Cd2Os2O7 

has been known to undergo a metal-insulator transition [17]. Mandrus and coworkers reviewed the MIT 
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of Cd2Os2O7 and show that it is a continuous, second-order transition accompanied by noncollinear all-

in/all-out (AIAO) magnetic order.  The magnetic transition as well as the metal-insulator transitions 

would affect the Os-O bond in OsO6 octahedra. At this temperature, the phonon mode correlated to 

vibration of O-Os bonds in OsO6 may exhibit anomalous phonon frequency changes at this temperature.  

3.3. Spin-phonon Coupling and Electron-phonon Coupling of 762 cm-1 Phonon Mode 

 

Figure 3. The temperature-dependent of the frequency shift (a) and the full width at half maximum (b).  

The experimental data are plotted in symbols and fitted model are shown in dot lines. 

To understand the anomalous behavior of Ph6, we study the temperature dependence of phonon 

frequency and FWHM. As can be seen in Figure 3, the Ph6 mode has anomalous temperature- dependent 

behavior. The anomalous temperature dependence of the phonon frequency would indicate a phase 

transition near ~ 227 K in pyrochlore Cd2Os2O7. Both experimental observations and theoretical 

calculations suggest magnetic and metal-insulator transitions of Cd2Os2O7 near the same temperature.  

In magnetic materials, the frequency change of a phonon mode with temperature can be written  

as [18]. 

ω = ω0 + ∆ωlatt + ∆ωanh  + ∆ωe-ph  + ∆ωs-ph                                                (1) 

The first term on the right-hand side is the harmonic frequency of the phonon. The second term is 

the contribution of the lattice expansion/contraction to the phonon frequency. The intrinsic anharmonic 

contribution is the third term. The fourth term accounts for the effect of renormalization of the phonon 

frequency due to electron-phonon coupling. And the contribution of spin-phonon coupling, which 

results from the modulation of the exchange integral by lattice vibrations, is represented by the last 

component. In general, especially at low temperatures, the lattice expansion contribution is significantly 

less than the intrinsic anharmonic contribution. Normally, a phonon can decay into two or three phonons, 

with a higher probability of the former. In the phonon decay, conservation of energy and momentum has to 

be obeyed, with a higher probability of decaying into same energy phonons. The anharmonic contribution 

for two-channel phonon decay with the same energies can be expressed as: 

∆ωanh  = -A (1+
2

𝑒

ℏ𝜔0
2𝑘𝐵𝑇−1

)                                                                    (2) 

where A is an anharmonic constant. The ω0 + ∆ωanh is a smooth function of temperature and can not 

explain the anomalies at TN. Note that the ∆ωe-ph is generally negative [19, 20], while the ∆ωs-ph can be 

positive or negative depending on the detailed magnetic Halmitonian and phonon modes. In Cd2Os2O7, 
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the hardening of Ph6 indicates that both the electron-phonon coupling and the spin-phonon coupling 

could, in principle, be the origin of the observed anomalies at TN.   

The Ph6 shows a distinct asymmetric lineshape. This type of spectral lineshape can arise from the 

coupling of the phonon with a continuum of excitations and is frequently seen in the Raman spectra of 

metal. Figure 1 illustrates how the Ph6 exhibits a Fano asymmetry at temperatures higher than TN. We 

have fitted the T-dependent spectra with the Breit-Wigner-Fano profile to quantify the observed 

alteration [21]: 

    I(ω) = I0. 
[1+ (𝜔−𝜔0)/𝑞𝛤]2

1+ [(𝜔−𝜔0)/𝛤]2                                                                    (3) 

Here I0 is the intensity, ω0 is the phonon frequency, Γ is the FWHM and 1/|q| is Fano asymmetry 

parameter of the Breit-Wigner-Fano mode. As the peak becomes more asymmetric, “q” decreases. The 

inverse of the asymmetry parameter (1/|q|) is a measure of metallicity in the system [22]. The Fano 

fitting adequately describes the Ph6 phonon from 100 to 270 K, as shown in Figure 4. It is observed that 

the Fano parameter decrease as the temperature decreases.  The interesting thing is that the temperature-

dependent of Fano asymmetry parameter shows a clear kink at ~ 200 K. In the metallic region about 

TN~ 227 K, 1/|q| remains constant and quite large, indicating that the Ph6 is strongly coupled with free 

carriers. At T < 200 K, |q| is approximately proportional to temperature, implying the coupling to spin 

degrees of freedom as well. At temperature between 200 and 227 K, the value of |q| may be understood 

by combining these two couple contributions. Therefore, the transition can be explained like that:  

i) Above the transition point (TN): due to the even number of electrons in the unit cell, the system 

is in a paramagnetic semimetallic state with an equal number of electrons and holes. In particular, the 

energy of the electron and hole bands are overlaps, creating a semimetallic state. Both electrons and 

hole bands at the Fermi level (EF), leading to a large 1/|q| due to electron-phonon coupling; 

ii) From TN to  T’~200 K: When the temperature decreases and passes through TN, the appearance 

of all-in-all-out ordering causes the electron and hole bands to shift upward and downward, respectively, 

progressively annihilating the Fermi surface. In other words, as the magnetic order develops, the electron 

and hole bands are repelled from EF and the electronic contribution to 1/|q| becomes gradually reduced. 

The electron and hole pockets disappear, and their overlap in energy eventually becomes zero at   

T’~200 K;  

iii) Below T’~ 200 K: A solid insulating phase results from the development of a genuine energy 

gap between the electron and hole bands. The Fermi surface is entirely removed, and 1/|q| rapidly drops 

to its minimum value. 

 

Figure 4. The temperature- dependence of Fano asymmetry parameter. The experimental data are plotted  

in symbols. The dashed lines are guides for the eye. 
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4. Conclusion 

We have presented the results of the Raman studies for the pyrochlore Cd2Os2O7 single crystal.  

We found the hardening and asymmetry phonon at 762 cm-1, relating with the stretching modes, in which 

the O(1) atom displacements are primarily along the Os-Os bond direction. The temperature dependence 

of both phonon frequency and FWHM shows anomalous temperature changes below TN. The possible 

origins of phonon hardening are discussed, and we propose that spin-phonon coupling and electron-

phonon coupling contributie significantly to the couples to 762 cm-1 phonon. In addition, we found the 

Fano asymmetry rapidly drops below the Néel temperature towards its minimum value of ~ 200 K. This 

suggests that when the temperatures increase from 100 K to 270 K, the pyrochlore exists in three states: 

AIAO insulator (below 200 K), AIAO ordered semimetallic (200 K – TN) and P-semimetallic states 

(above TN). We also confirm that the temperature dependence study of Raman scattering provides a 

simple and powerful method for investigating the temperature transitions, as well as the coupling in 

pyrochlore materials. 
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