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Anomalous low-temperature specific heat around the metal-insulator transition in ordered
double-perovskite alloys SgFe(Mo;_,W,)Og (0<sy=<1)
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Low-temperature excitation has been investigated for polycrystals of ordered double-perovskite alloys
SnFe(Mo, - \W,)Os (0<y=1) by specific-heat measurements. Critical enhancement of excess low-
temperature specific heat with anomalous power law inTitdependence has been observed around the
metal-insulator transitiony.~0.8. Such low-energy excitations originate in a random mixture of ferromagnet
and antiferromagnet in the face-centered-cubic lattice of the magnetic Fe sites.
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Metal-insulator(MI) transition of transition-metal oxides percolating manner. In this site-selectiv®”¢site) solid-
has been investigated for long, but is still one of the mossolution system, the nominal valence states of Mo and W
attractive issues in the field of condensed-matter physicgemain as 5 and 6+, respectively, in the wholg region®
This is because many intriguing phenomena occur aroun®ne of the evidences for such a percolation process iy the
the transition, such as high-temperature superconductivity idependence of the electronic specific-heat coefficiefty
cuprates and colossal magnetoresistance in mangarites. decreases almost linearly within 0<y<0.8, which comes
MI transitions have been argued in terms of various confrom the volumetric ratio of the ferromagnetic metallic do-
cepts, e.g., Mott transitiohocalization effect and phase mains to the antiferromagnetic insulating domains below the
separatiorf. To elucidate a nature of the transition, especiallycritical concentrationy.~0.8. Such a behavior of value is
important are the investigations of anomalous propertieguite different from those in the bandwidth-control FMM-
around the MI transition. Here we chose ordered double per=MI transition in the ordered double-perovskite systems such
ovskites SgFe(Mo;_,W,)Og (0<y=1),” which are a sys- as (Si_,Ca,),FeReQ.°In this paper, we report the finding
tem of a random mixture of ferromagn@M) and antiferro-  of large low-temperature entropy arising from low-energy
magnet (AFM), and investigated their thermal properties excitations around the MI transition in $e(Mo, _,W,)Og
reflecting low-energy excitations to clarify a nature of perco-(0<y<1) system.
lating MI transition. To clarify the mechanism of Ml transition, we have inves-

In ordered double perovskites with formula®$B’B"Og  tigated the specific heat of Fte(Mo;_,W,)Os. The poly-
(where A is an alkaline-earth or rare-earth jonthe crystalline samples are prepared by solid-state reaction. The
transition-metal sites are occupied alternately by differentletails of synthetic conditions as well as structural, chemical,
cationsB’ and B”.5"8 In particular, Fe-based oxide®(  transport, and magnetization characterizations of the ob-
=Fe, B"=Mo or Re have attracted much attention as atained polycrystals have been reported previotighg de-
novel class of magnetoresistive oxides, since the low-fieldcribed in Ref. 5, there is no structural phase transition in the
tunneling-type magnetoresistance effect, originated in halfwholey region. The samples show nearly perfect ordering of
metallic nature, was found in §feMoQ; (SFMO) at room B’ andB” sites[Fe vs(Mo,W) siteg for y=0.2, while ran-
temperaturé:® Among these ordered double-perovskite sys-dom mixing of Mo and W inB” site is maintained in the
tems, a solid-solution system ,&e(Mo,_yW,)Os (O<y  whole composition. TheB-site ordering ratio of they=0
=<1) is one of the composition-control MI transition sample is about 0.91, which leads to the smaller saturation
systems:® The end compound SFMO is a ferromagnetic magnetization of about 3.8, /f.u. than the ideal full moment
metal with Tc=419 K,"® where F&" (S=5/2) and MG"  value (4ug/f.u.). The specific heat of the polycrystals,
(S=1/2) couple antiferromagnetically. In this compound, lo- which were from the same batches used in Ref. 5, were mea-
cal spins ofS=5/2 are produced fromd electrons of F&" sured in®He cryostat at the temperatures from 0.5 K to 100
ions, while the conduction band is partially occupied by theK.
4d' electrons of M8".” Another end compound of Figure 1 shows the temperatuf®€ dependence of resis-
Srp,FeWQ; (SFWO is an antiferromagnetic insulator with tivity p and magnetizatioM in Sr,Fe(Mo, -, W,)Og poly-
Tn=37 K,>° where F&" ion is in the high-spin state§  crystals. The data in Fig. 1 are derived from Kobayashi
=2), and W* ion (5d°) is in the nonmagnetic state. In et al. (Ref. 5. Except fory=1 (S,LFeWQ,), all the samples
such a solid-solution system, the ferromagnetic metahre in a ferromagnetic state at low temperature. The FMM-
(FMM) to ferromagnetic insulatofFMI) transition is in-  FMI transition occurs aroung.~ 0.8 with the increase of.
duced by substitution of Mo by W on tH&’ site aroundy, = The M-T curve for 0.6sy<1 polycrystals has broadened
~0.8, as shown in the Fig. 1. This MI transiting occurs in apeak features around 50 K without a significant variation of
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FIG. 1. T dependence of resistivity and magnetizatioM in T (K)

Sr,Fe(Mo,_yW,)Os (0O<y=1), after Kobayashkt al. (Ref. 5.
TheM-T curve for 0.6sy<<1 samples has broadened peak features FIG. 2. (a) The curve ofC-yT vs T, in which gray solid lines
around 50 K without a significant variation of peak temperatures. represent the calculated phonon contribut®g;i.. (see text is
shown. The termyT stands for the electronic contributiofi) The
peak temperature. In this region pbetween 0.6 and 1, the curves ofS;,4 vs T, whereS;,,4 is a remanent magnetic entropy
long-range ferromagnetic correlations at low temperatureésee tex), are shown. The inset t) shows the magnetic compo-
rapidly increase with the decreaseyofrom 1, as the FMM  nent of the specific heatQnang=C-yT-Catice). FOr y=1, the
clusters gradually grow in the percolation manner in the in-antiferromagnetic transition is manifested as the sharp pedk at
sulating background with weak antiferromagnetism. Such=37 K, while for the other compounds a peak does not appear at
growth of FMM clusters leads to anomalous low-energy@!l in the specific-heat data.
magnetic excitations, as described in the following.

Figure 2a) shows theT variation of the remanent specific heat data, in which we can separately estimate the electric
heat C-yT) for the y=0 (SFMO), 0.8, and 1(SFWO  and magnetic contributions to the specific-heat datae 5
samples, wherey is the electronic specific-heat coefficient yajyes for other samples were estimated by using their den-
that was evaluated from tH&/T values eXtrapOlated to0 k S|ty and thegB value of SEFMO. The phonon contributions
A sharp peak is clearly observedT{=37 K in the curve of  estimated without any adjustable parameter explain well the
SFWO. This sharp peak is completely extinguished only byyata above 50 K, where the contributions for other low-
slight substitution of W with Mo, which contrasts the mag- energy excitations can be neglected. In this plot, we can
netization behavior with the subsisting broadened peakiearly see the enhancement of Idwspecific heat below 20
around 50 K. As shown in Fig.(3), there is no anomaly in - K in the y=0.8 sample.
the curve of they=0.8 sample in thd region below 100 K. Figure 2b) shows theT dependence of the estimated
Alternatively, the extra specific heat appears at low temperamagnetic entropy Smag=JT(Cmag/T)dT], deduced by the
tures, which is enhanced around the MI transitigp;-0.8. sybtraction of electronic and phonon contributions from the
Gray solid lines in Fig. &) are the calculated phonon con- igtal one Smag=S— Sei— Siarr). For y=1 (SFWO, the

tributions Cy5y by using the Debye model as follows: magnetic entropy sharply decreases with the decreade of
below Ty . The variation of number of stat§V) is estimated

_ b7 x° 0s/T to be about 2.5, which is a half of the anticipated valus, 2

Clat=9rNkg fo ex_ldx— efB/T_1 /" @) +1=5. Fory=0.8, S;,4 gradually decreases around 40 K

with decreasingl. As seen in the5, 4T curve, a large re-
where 65 is the Debye temperature. In this papég of  manence of magnetic entropy can be seen below 20 K, in
about 338 K was obtained for SFMO from the raw specific-contrast with they=0 andy=1 samples.
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FIG. 3. Low-temperature specific heat below 10 K plotted as Lo %0 ), 400, 150 2 B
C/T vs T? for y=0, 0.2, 0.4, 0.6, 0.75, 0.8, 0.9, and 1. 16 et B N 10
10° (© §
To investigate the low-energy excitation in detail, we ¥ 0P § 8 -
measured the low-temperature specific heat over the whole f 10'F § 6 o
region. Figure 3 plots the specific-heat dataC4$ vs T2 for E o'k § =
y=0, 0.2, 0.4, 0.6, 0.75, 0.8, 0.9, and 1. One can immedi- 2 10k § 4 4
ately notice that the low-temperature specific heat is en- : 02 § &
hanced toward/ .~ 0.8 with the increase of and decreases el 2
with the further increase of from y, toward 1. Figure 4a) L O 0
shows they dependence d§;,,4at 10 K. In this plot,Sy,4is 0 0.2 0.4 0.6 0.3 1
found to be critically enhanced around the MI transition. For Y

y=0 (SFMO),_Smag is due to the excitation Qf_ferromagnetic FIG. 4. They dependence ofa) T coefficient a of low-
maQ“O,”Sv while ,for thg=1 Se_lmple(SFWQ itis due to the . temperature specific heat and magnetic entropy below 18K,
excitation of annferromagnetlc magnons. As compared withy, power e in the form of T< for extra specific heat below 20 K,
these magnon excitations of the two end compounds, thgn(c) conductivityo and electronic specific-heat coefficient o
low-energy excitations around the MI transition seems tan (¢) is essentially zero foy=0.8, represented by triangles. The
bear anomalously large entropy. The remanent specific heghde values are deduced from fitting the remanent specific Geat
C, below 20 K, deduced by the subtraction of electric andby Eq.(2) (see textand they ando values in(c) are derived from
phonon contributions from the total one, is fitted by the equaKobayashiet al. (Ref. 5. A hatched vertical bar indicates the MI
tion as follows: phase boundary. The inset(in) showsC, of y=0.8 plotted against
T1'7.
C,=C—Cq—Clan=aT 5+ vTe 2)

Such a critical behavior cannot be explained by the mass-
The first term on the right-hand side expresses the contriburenormalization effect, which would gives rise to the lafige-
tion from ferromagnetic magnons and the second term fronlinear specific heat, as observed in a canonical Mott transi-
extra thermal excitations. Fgr=0, v~0 and fory=1, «  tion system. As seen in Fig(@ (the data of which are from
~0 ande~3, because the antiferromagnetic magnon contriRef. 5, the y values in this system appear to be proportional
bution is proportional td. The obtainedr ande are shown to |y.—y|, implying that the metallic volume is changing
in Figs. 4a and 4b). The ordinary ferromagnetic magnon with y while keeping the carrier effective mass constant. One
contribution is appreciable only in the loyfegion as seen of the possible scenarios to explain such a critical behavior is
in they variation of thex value. Note that the absolute value a ferromagnetic fracton modélin a percolating FM on a
of magnetic entropy at 10 K in this regime is quite small, background of weak AFM. In an isotropic percolating mag-
compared with the one in theregion around the Ml transi- net, a ferromagnetic fracton excitation was theoretically
tion. After the conventional ferromagnetic magnon excitationpredicted:* In this model, the mechanism of spin-wave ex-
fades out, the unknown low-energy excitation is critically citation varies with the relation between a percolating corre-
enhanced around the MI transition as seen inytvariation lation length¢ and a wavelengtix of spin wave. When
of the S,54 value in Fig. 4a). The powere of T dependence > ¢, a spin-wave excitation has the same dispersion relation
of low-temperature specific heat also varies from 1.7 to 2.@s a Heisenberg ferromagnet, giving fit® dependence in
with the change ofy. The € value takes the minimum of the low-temperature specific heat. This situation seems to
~1.7 aty=0.8[see the inset of Fig.(#)], whereS;,4be-  correspond to the feature in the lowregion below~ 0.5,
comes maximum. where theT*® dependence was observirig. 4a@)]. When
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N <<¢, the short-wavelength excitation must propagate alondation develops with increase of randomness and frustration.
the percolating pathway provided by the dilute arrangementith the further decrease of from y, to 0, however, the

of exchange-coupled spins. In this regime, the spin-waveonnected FM networks grows, and the growing FM corre-
stiffness decreases toward the percolation threshold anhtion suppresses the SG order. In other words, the long-
therefore, the thermal magnetic excitation is much more enrange FM order produces an effective magnetic field working
hanced. This behavior seems to be well consistent with thgn spins of SG region. The increase of effective field and the
observed one qualitatively. According to the theoreticalyecrease of volume fraction of SG region may suppress the
result however, the power inT dependence of low- low-energy magnetic excitation with decreasinom y, .22
temperature specific heat at the threshold is predicted to bgch 4 proad peak, as generally observed in SG systems, is
below 1, which is smaller than the observedalue of 1.7.at - gpsent in theT dependence of specific heat in the whgle
yc~0.8, as shown in Fig. (). Furthermore, the power be- region. However this may be due to this effective magnetic
comes larger witly departing fromy.. Such values are in- fie|q produced by the FM order, which may play the same
consistent with that predicted by a ferromagnetic fractonygle as an external magnetic field flattening the peak profile
model in whiche must not exceed 1.5. _ in the specific heat of S& A weak-peak profile of the de-

A more plausible model than the ferromagnetic fractongced magnetic specific he@f,,qin the inset of Fig. 2 bears
model is the reentrant spin-gla8SG model.” A random  some analogy to a remanent peak profile under a magnetic
mixture of FM and AFM often gives rise to spin-gla&3G)  fie|d. The T dependence of specific heat may be also ex-
order. Furthermore, it is possible to give rise to the statgained by the same model: It is widely known for ordinary

where a long-range ferromagnetic order and SG order coexsG systems that the low-temperature magnetic specific heat
ist, if the randomness and frustration are rather weak. Acjg proportional toT® (1<a<2) (Ref. 16 and the highew

cording to the mean-field theory of. Fhe random networky 5jyes appear in a sufficiently high magnetic figid.

model for FM-SG systertr, the competition between the SG |, summary, we have investigated the specific heat of the
and the FM can sometimes give a spatially segregated coexy; transition system, SFe(Mo,_,W,)Og (0<y=<1), and
istence of the two systems in the low-temperature reentrafth ng anomalous enhancement of low-energy magnetic ex-
region:” Such a segregation picture is consistent with OUgjtation around, . This low-energy excitation originates in a
percolation scenario. In the present system, the random MiXznqom mixture of ferromagnet ($teMoQ) and antiferro-
ture of FM and Weak AFM may also give thg RSG state' atmagnet (SFeWQ,) in the fcc lattice of spin-carrying Fe
low temperatures, including FM metallic region and SG in-gjies The mixture perhaps gives rise to low-energy excita-
sulating region. The cusp around 50 K of teT curve(in  {jong characteristic of the reentrant spin glass rather than fer-
Fig. 1) may be recognized as a signal of such a RSG statgomagnetic fractons, although anomalgesependent power

e, partial destruction of long-range FM order by the g in the T-dependence of low-temperature magnetic spe-
random-field effect of growing SG correlation with the de- .ific heat is still left be quantitatively elucidated.

crease ofl.*®
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