PHYSICAL REVIEW B 82, 054430 (2010)

Inhomogeneous magnetic cluster states in the magnetoresistance material Lu,V,0,
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We report Raman scattering and multifrequency (54-336 GHz) electron-spin-resonance (ESR) measure-
ments on Lu,V,05 single crystals in the temperature range 4—300 K with the view of understanding the origin
of the large magnetoresistance in this lattice. The 307 ¢cm™~' phonon mode undergoes a hardening at tempera-
tures below 7,,=150 K. Concomitantly, the single ESR peak arising from the paramagnetic V** ions becomes
distorted. This is ascribed to the development of short-range magnetic correlations leading to a formation of
magnetic clusters. Below the Curie temperature 7-=70 K the ESR line develops with fine structures, indica-
tive of an inhomogeneous ground state. Between 7, and T the magnetic cluster concentration decreases
strongly as a function of the applied magnetic field, suggesting that the large magnetoresistance of this material
could be due to the magnetic inhomogeneity in this lattice. The origin of what causes the initiation of such

clusters is still unclear.
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I. INTRODUCTION

Much effort has lately been devoted to investigations of
colossal magnetoresistance (CMR) systems due to their fas-
cinating physical properties as well as potential for techno-
logical applications.! Examples encompass a wide range of
compounds: the perovskite manganites, the pyrochlore
TLMn,0; and the chalcogenide spinel FeCr,S,.> In the
CMR manganites the magnetoresistence is largely explained
within the double exchange (DE) interaction and electron-
phonon coupling. In other materials, the CMR effects do not
invoke DE and Jahn-Teller distortions because the magne-
toresistance is not accompanied by structural anomalies.
Rather, magnetic polarons are discussed as an underlying
origin. According to the Majumdar-Littlewood model, the
magnetoresistance in low-carrier-density ferromagnets de-
pends on the carrier density, and for extremely low densities
and large electron-core spin coupling, the carriers will self-
trap into magnetic polarons.®’ There are experimental indi-
cations that the pyrochlore compounds TI,Mn,O; and
Lu,V,0; are described by a polaronic scenario®® but addi-
tional details are desirable.

The vanadium pyrochlore Lu,V,0; has a face-centered

cubic structure with space group Fd3m. The crystal consists
of a three-dimensional network of corner-sharing tetrahedra
of V#* ions. The compound undergoes a ferromagnetic tran-
sition at the Curie temperature T-=~70 K.!®!! Polarized
neutron diffraction and °>'V NMR studies evidence an orbital
ordering where the half-filled vanadium 3d orbital is directed
toward the center of the V tetrahedron.'>!3 It is suggested
that the orbital ordering leads to the ferromagnetic transition
due to the energy gain through the hopping process from #,,
to e, orbitals.'*

The zero-field resistivity data exhibit typical semiconduc-
tor behavior while showing a drop between 60 and 75 K and
a cusp around 75 K. This feature smears out in small mag-
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netic fields. This points to a negative magnetoresistance,
which reaches 50% at 75 K under an external field of H
=5 T.} The lattice parameters display no appreciable anoma-
lies over the temperature range investigated. Only a tiny
peak is observed in the thermal expansion coefficient around
T due to the ferromagnetic transition. This seems to rule out
any significant role of structural distortions in inducing the
magnetoresistance. There are several hints for the formation
of magnetic polarons for temperature below 160 K.® For ex-
ample, the magnetic specific heat starts to become anoma-
lous around 160 K and the thermal conductivity is sup-
pressed between 80 and 160 K. However, the resistivity is
described by the Mott variable-range hopping model in the
respective temperature interval. This is not compatible with
the pure polaron conduction model. Rather, it indicates the
presence of disordered, localized states.

In this study, we provide spectroscopic evidence for the
presence of magnetic inhomogeneties in Lu,V,0,. The
analysis of the electron-spin resonance (ESR) and Raman
spectra points to the formation of magnetic clusters around
T,,~150 K and thus an inhomogeneous ground state. The
magnetic clusters are proposed as a possible origin of the
large magnetoresistance of this system.

II. EXPERIMENTAL DETAILS

Single crystals of Lu,V,0; were grown by the traveling-
solvent floating-zone method.® In an earlier study structural,
magnetic, and transport properties of the crystals were exten-
sively characterized by x-ray diffraction, superconducting
quantum interference device magnetometry, resistivity, spe-
cific heat, and thermal conductivity.® The presently reported
Raman and ESR measurements were made on the same
single crystal with dimensions of 2X2X1 mm?®. High-
frequency ESR experiments were performed at 240 GHz us-
ing the quasioptical spectrometer that has been developed at
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FIG. 1. (Color online) Representative Raman spectra of

Lu,V,0; at T=280 K (upper panel) and at T=4 K (lower panel) in
the (aa) polarization. The numbers denote the frequencies of the E,
and A, phonon modes. The F,, mode appears due to a breakdown
of the Raman selection rule. The 2P stands for two-phonon scatter-
ing. The dotted lines are a fit of the spectrum to a Lorentzian line
and the solid line is the total sum of the four Lorentzian lines.

the NHMFL as well as at 54-336 GHz in a broadband trans-
mission setup with a sweepable 15 T superconducting
magnet.'>'7 Raman-scattering measurements were carried
out in a quasibackscattering geometry with the excitation
line A=532 nm of the Nd:yttrium aluminum garnet solid-
state laser. An incident power of 7 mW was focused to a
0.1-mm-diameter spot on the [001] surface of the single
crystal. Raman spectra were collected by a DILOR-XY triple
spectrometer and a nitrogen cooled charge-coupled device
detector.

III. RESULTS AND DISCUSSION

Lu,V,0; has a Fd3m (OZ) space group with eight for-
mula units per unit cell. Factor group analysis yields six
Raman-active modes; T'gupan=A1,(a*+b*+c?) +E (2c*~a?
—b*)+4F,,(ab,bc,ca). Figure 1 shows the Raman spectra of
Lu,V,05 at 4 and 280 K in the (aa) polarization where the
incident and scattered light are polarized parallel to the crys-
tallographic a axis. Consistent with the group-theoretical
analysis at room temperature we observe two pronounced
peaks at 307 and 529 c¢cm~!. They are assigned to E,and A},
mode, respectively. The E, mode corresponds to the rotation
of VOg octahedra and the A;, mode is due to the bending of
VOg octahedra. Overall, the number and frequencies of the
observed phonon modes are similar to those of the isostruc-
tural manganite pyrochlores A,Mn,0; (A=TI,In).'%1° We
note that there is a weak peak at the right shoulder of the
529 cm~! mode. It is attributed to the Fy, mode, which is
expected in cross polarizations. In addition, the weak, broad
band denoted by 2P is observed in the higher-frequency
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FIG. 2. Temperature dependence of intensity (upper panel), fre-
quency (middle panel), and linewidth (lower panel) of the
312 cm™' mode. The solid lines represent a fit to Eq. (1). T and 7,
are the Curie temperature and the characteristic temperatures, see
the text.

range of 550-880 cm™! (see the dotted line in the lower
panel of Fig. 1). Its frequency roughly doubles one-phonon
scattering of the 307 ¢cm™' mode. Such a broad two-phonon
scattering signal is reminiscent of two phonon density of
states and might be related to defects and/or lattice inhomo-
geneities. This also accounts for a breakdown of the crossed
polarization selection rule.

In order to analyze the temperature dependence of the
phonon modes, the three phonon peaks and the two-phonon
band are fitted to a sum of four Lorentzian profiles (see the
dotted lines in Fig. 1). As in the manganite pyrochlores
A;Mn,09, the A, and F,, modes do not show any anoma-
lous behavior.'&l&,ln the following, we thus focus on the E,
mode which shows a substantial change in the phonon pa-
rameters as a function of temperature. The temperature de-
pendence of the 307 cm™' mode is shown in Fig. 2. The
errors are within a symbol size. With decreasing temperature
the phonon intensity grows gradually and resembles the re-
sistivity [compare with Fig. 3(a) of Ref. 8]. Its frequency
undergoes a monotonic hardening by 5 cm™! and the line-
width decreases continuously and becomes constant for tem-
perature below 7. On a qualitative level, these features
seem to be consistent with lattice anharmonicities.

According to the Baltensperger and Helman model®® a
phonon frequency shift is proportional to the scalar spin cor-
relation function: Aw=N\(S;-S;), where \ is the spin-phonon
coupling parameter. \ is proportional to the second deriva-
tives of the coupling energy with respect to the atomic dis-
placements. For ferromagnetic materials, the phonon shift is
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FIG. 3. (Color online) (Left panel) Temperature dependence of
ESR spectra at 240 GHz. The external field is applied along one of
the cubic crystal axes. The spectra are vertically shifted for clarity.
(Right panel) Representative ESR spectra at 7=240, 130, and 70 K.
The dotted and solid lines are fitting curves. See the text for details.

related to the square of the magnetic moment of the magnetic
ions.?! Actually, in the manganite pyrochlores A,Mn,0, the
magnetic coupling mechanism leads to a hardening of the E,
mode below T.'8

This motivates us to check carefully possible spin-phonon
contributions to the observed frequency shift. As a first step,
we estimated the anharmonic phonon contribution using a
model based on phonon-phonon decay processes,””

w,(T) = wy + C[1+2/(e* - 1)], (1)

where x=hwy/2kzT. The fitting of the data over a whole
temperature range does not give a satisfactory description
(not shown here). As discussed above, phonons in magnetic
materials can have complications due to an extra shift in an
ordered state. Thus, the fitting interval is restricted to the
high-temperature regime where a linear temperature depen-
dence is observed. The fitted curve with the value of w
=310.9 cm™! and C=-2.1 cm™' shows a clear deviation
around 7,,=150 K which becomes stronger at lower tem-
peratures (solid lines). This strongly suggests that there ex-
ists a spin-dependent phonon shift in addition to anharmonic
lattice effects. In the manganite pyrochlores the hardening
occurs below the magnetic-ordering temperature of T.'3 In
contrast, in the case of Lu,V,0,, the deviation shows up at
much higher temperature than 7-. Noticeably, the onset tem-
perature, 7,,, agrees well with the temperature of 160 K at
which the thermodynamic and transport quantities show
anomalies.® This suggests that the phonon anomalies might
be closely related to the development of magnetic correla-
tions. To obtain a more detailed picture, we carried out ESR
measurements.

Figure 3 displays the temperature dependence of ESR
spectra taken at 240 GHz. The external field is applied along
the a axis. At room temperature the ESR signal consists of a
broad single line, which originates from paramagnetic V**
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FIG. 4. (Color online) Temperature dependence of resonance
field, H,,,, (upper panel) and peak-to-peak linewidth, AH,,, (lower
panel) from the spectra in Fig. 3. The vertical bars indicate the
Curie temperature, T, and the characteristic temperature, 7, re-
lated to the development of magnetic correlations. The phonon line-
width (full circle) is compared with the ESR linewidth (full square).
The solid line represents a fitting curve by Eq. (2) and the dotted

line is a guide for eyes.

ions. In order to differentiate skin depth effects, the ESR
signals were fitted to a Dyson lineshape. We find that for T
>T,, the lineshape is close to pure Lorentzian, that is, the
(D/A) ratio (admixture of absorption/dispersion of a Lorent-
zian line) is close to zero (see the right panel of Fig. 3). The
Lorentzian shape implies that the signal is exchange nar-
rowed and any contribution of the dispersion to the absorp-
tion is negligible. Upon cooling below T,,, the resonance line
narrows and becomes distorted. It is not described by the
Dyson lineshape anymore. Instead, the signal is largely ap-
proximated as a sum of two Gaussian lines as shown in the
fit of the 70 K spectrum. This indicates that with decreasing
temperature through 7,, the relaxation-determined regime
switches to the inhomogeneously broadened one. Below 7
the lower-field resonance develops a multiple-peak structure
while the higher-field resonance stays a single Gaussian line.
Because the sample is a high quality single crystal, we rule
out the possibility of the inclusion of impurity phases. Fur-
ther, the V#* ions have negligible anisotropies of the g factor.
Thus, the complex feature of the resonance suggests an in-
homogeneous magnetic ground state where ferromagnetic
and paramagnetic phases coexist. For the manganese perovs-
kites the signals from the two phases are visible in the tran-
sition region.?® In our case, however, they persist down to the
lowest temperature. This might be due to the fact that our
system is a low-carrier-density ferromagnet.®

Shown in Fig. 4 is the temperature dependence of the
resonance field, H,,,, and its peak-to-peak linewidth, AH,,,
Upon cooling down to 150 K, H,,, displays a slight but al-
most linear change while AH,, shows a strong and quite
linear temperature dependence. At the respective temperature
interval the 307 cm™' phonon also shows a linear broaden-
ing. We note that in the high-temperature regime a linear
T-dependent ESR line broadening was observed in the man-
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FIG. 5. (Color online) Comparison between the shift of H,,,(T)
subtracted by H,.(150 K) (open triangle) and the phonon fre-
quency shift subtracted by the estimated anharmonic contribution
(full squares).

ganese perovskites and pyrochlores which has been dis-
cussed in terms of single-phonon spin-lattice relaxation and
the bottlenecked spin-relaxation mechanism.”*?> This
mechanism is unlikely for the studied system. Instead, we
analyze AH, (T) in terms of the adiabatic small polaron hop-
ping modelfé}

AH,,,(T) = AHy + (A/T)exp(- EJkgT), 2)

where the second term is related to spin flips of charge car-
riers. In this model a line broadening is proportional to the
hopping rate of the charge carriers, which limits the lifetime
of a spin state. By fitting AH,,(7) to Eq. (2) we obtain the
activation energy E,=61.8 meV(see the solid line of Fig. 4).
This value measures the energy needed for the dissociation
of the spin clusters. Between T and T,, H,,, shifts substan-
tially to higher fields and AH,,, decreases quasilinearly with
a smaller slope (dAH,,,/dT) than that for the high tempera-
ture. The lower-field signal (open triangle) shows a minimum
linewidth at around 90 K. This is related to the development
of short-range spin correlations. Below 7. both H,,, and
AH,,, exhibit a saturation. Remarkably, the phonon linewidth
scales well with the ESR linewidth below 150 K.

In Fig. 5 we compare the spin-mediated phonon shift with
the resonance field shift, AH,,,=H,,{(T)—H,.,(150 K). The
former is obtained by subtracting the estimated anharmonic
contribution (solid line in the middle panel of Fig. 2) from
the phonon frequency (open squares in the middle panel of
Fig. 2). Their evolution with temperature looks similar. Since
the resonance field shift is associated with the development
of internal magnetization, this gives further support to the
spin-phonon mechanism of the phonon anomalies.

To understand the ESR behavior in the intermediate tem-
perature regime we consider a competition of a narrowing
relaxation process with a broadening mechanism. A line-
narrowing mechanism is based on short-range magnetic cor-
relations of spin clusters. The broadening is due to the in-
creasing hopping rate of the charge carries as the temperature
is raised. As a result, the linewidth should display a mini-
mum as can be seen in Fig. 4. Furthermore, we want to stress
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FIG. 6. (Upper panel) Frequency dependence of ESR signals at
100 K. (Lower panel) Frequency-field diagram of the two main
ESR signals. Note that the intensity of the lower field peak de-
creases strongly at higher fields.

that the development of the inhomogeneous magnetic state
itself can induce the change in the linewidth since the line-
width in a ferromagnetic single crystal is usually due to in-
homogeneities in the demagnetization field.

We will now discuss the relevance of the magnetic po-
laron scenario to the studied compound. For a pure magnetic
polaron system, a magnetic polaron is a regularly spaced
ferromagnetic cluster containing one carrier. As long as there
exist no magnetic correlations among the polarons, the sys-
tem behaves like a superparamagnet.” In this situation, the
ESR signal is expected to be a single line, although the line-
width is narrowed by the polaron motion. In contrast, we
observe the distorted ESR lines below 7.

Furthermore, the substantial hardening of the 307 cm™
mode, the persistence of the ferromagnetic cluster signal well
below T, and the appreciable shift of the resonance field
cannot be understood within a gas of magnetic polarons. In-
stead, ferromagnetic clusters form an inhomogeneous mag-
netic state. This suggests that our system is more complex
than in the Majumdar-Littlewood model.®’

Figure 6 shows the frequency dependence of the ESR
signals at 7=100 K. The linewidth does not show a signifi-
cant frequency dependence. Possibly, the motional narrowing
process competes with the single phonon mechanism at the
temperature interval between 7~ and T,,. With increasing fre-
quency (field) the distortions with the multiple-peak feature
fade away. This indicates that the binding energy of the mag-
netic clusters diminishes in an external magnetic field, sug-
gesting an explanation of the negative magnetoresistance. In
the lower panel of Fig. 6 we plot the frequency-field diagram
of the two main signals. We find slightly different g-factors:

1
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g1=1.89 and g,=1.85. This is consistent with the existence
of ferromagnetic clusters in the paramagnetic matrix. The
observed ESR peaks cannot be assigned to two different V4*
sites because then their relative intensities should be essen-
tially independent of applied magnetic fields in contrast to
the strong effect observed here (see Fig. 6).

However, the origin of the ferromagnetic clusters is less
clear. For T1,Mn,05, the hybridization among T1(6s), O(2p),
and Mn(3d) orbitals leads to a formation of magnetic
polarons.?” In contrast, in the case of Lu,V,0; the Lu** ions
do not provide extended s electron states. Thus, another
mechanism needs to be invoked. One possibility is lattice
inhomogeneities caused by oxygen deficient sites or/and re-
gions where the orbital ordering is incomplete.'* The lattice
inhomogeneities exert a pinning potential on the charge car-
riers which coalesce to form spin clusters. Extended x-ray-
absorption fine structure experiments at the vanadium and
oxygen edges are needed for clarifying this scenario.

To conclude, we have presented a combined ESR and
Raman-scattering study of Lu,V,05, a compound known for
its strong magnetoresistance whose mechanism is still not
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understood. Both ESR and Raman spectra show anomalies at
T,,~150 K, which are ascribed to the formation of ferro-
magnetic clusters. The ferromagnetic clusters, embedded in a
paramagnetic state, evolve into an inhomogeneous ground
state. As expected for magnetic clusters, their binding energy
decreased on the application of a magnetic field. The mag-
netoresistance in Lu,V,0; is not captured by a simple po-
laron model. A more realistic picture could be obtained by
clarifying the cause of the magnetic clusters.
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