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Critical behavior of single-crystal double perovskite Sr2FeMoO6
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The critical behavior of the double perovskite Sr2FeMoO6 ~SFMO! is investigated by measurements of the
magnetization (M ), susceptibility (x), and temperature derivative of the resistivity (dr/dT), the last of which
has the same critical exponent as the magnetic heat-capacity anomaly. The critical temperatures determined by
both magnetization anddr/dT, are consistent and the critical exponents indicate that this material belongs to
a three-dimensional Heisenberg ferromagnet universality class like such conventional metallic ferromagnets as
Ni or Fe. We also show the existence of an extraordinary large magnetic resistivity temperate coefficient such
as that of SrRuO3.
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The double perovskite SFMO has one of the highest c
cal temperatures (TC;410 K) among half-metals, giving i
great possibilities for applications. According to ba
calculations,1 the majority band has a band gap and is mai
composed of Fe 3d states that are fully occupied (SFe
55/2) while the Fermi level lies in a minority-spin ban
which is composed of mainly Mo 4d states (SMo51/2).
Therefore, SFMO can be regarded as a mixed ferrimagne
that it has a localized spin 5/2 and an oppositely align
itinerant spin 1/2. In addition to this unique electronic stru
ture, the transport properties of single crystals and epita
films of SFMO show a metallic behavior, as expected fro
the band structure, but with a high residual resistivity at l
temperatures and a much weaker temperature depend
than conventional ferromagnetic metals.2–5 In this sense,
SFMO is quite an unusual magnetic material. In order
understand this unusual material better, we have investig
its critical behavior, expecting the universality class to wh
the material belongs to give important clues. We are m
vated by the recent suggestions by Kleinet al. that the criti-
cal behavior of the resistivity of SrRuO3, which does not
appear to be that of conventional ferromagnetic metals, c
acterizesbadmetallicity.6 In this paper, we find that the criti
cal behavior of SFMO is close to that of Ni@a three-
dimensional~3D! Heisenberg model# in spite of the half-
metallic band structure and a mixed ferrimagnetism.

The SFMO single crystal was grown by the floating-zo
method, the details of which can be found in Ref. 4. W
measured magnetic properties via magnetization isotherm
magnetic fields up to 70 kOe from;360 to ;450 K by
using a commercial superconducting quantum interfere
device magnetometer. The mass of the sample was 7.3
and we calculated the demagnetization factor (4pN) to be
;0.5 from its shape. The temperature at the sample pos
in the magnetometer was carefully corrected using a c
brated Pt thermometer which was also used for temperat
dependent resistivity measurements. The resistivity meas
0163-1829/2002/65~9!/092411~4!/$20.00 65 0924
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ments were performed by a dc four-probe technique, wh
slowly sweeping~typically 0.2 K/min! from room tempera-
ture to 480 K with a LakeShore 340 temperature control
After smoothing over appropriate temperature intervals,
temperature derivative was taken. As a consequence,
dr/dT curve obtained has an extrinsic rounding err
(;0.2 K, t[uT2TCu/TC;531024).

According to scaling laws, the spontaneous magnetiza
(MS) and the initial susceptibility (x0) obey the following
equations in the critical region:

MS~T!5 lim
H→0

M ~H,T!}uT2TC2ub,T,TC , ~1!

x0
21~T!5 lim

H→0
H/M}uT2TC1ug,T.TC . ~2!

The typical procedure for extractingb and g is to plot
M1/b against (H/M )1/g, the so-called Arrott plots, and the
to determine eitherMS(T) andx0

21(T) by linearly extrapo-
lating from a high-field region to both axes or by using
polynomial fit. In the case of our isothermal magnetizati
data sets, bothMS andx0

21 determined in this way are ver
sensitive to both the parameters of the Arrott plot and
extrapolation method. Since these critical exponents as
asTC should be determined by some procedure as unequ
cally as possible, we followed an iteration method recen
used by Yanget al. for a critical behavior analysis of CrO2
films.7 Starting from some plausible combination ofb andg
(;0.370 and;1.33, respectively! as the initial values, we
determineMS(T) andx0(T) by a linear extrapolation to both
axes, and then obtainb, g, andTC6 , by fitting with Eqs.~1!
and ~2!. We continue this procedure using the obtained
ponents as initial guesses until both initial and final exp
nents become consistent, and the difference betweenTC2

andTC1 becomes negligible. The Arrott plot of the isothe
mal data sets from 362.58 to 448.09 K, withb50.385 and
©2002 The American Physical Society11-1
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g51.30 is shown in Fig. 1~a!. Although these critical expo
nents must ideally converge to some combination of val
after a number of iterations, there are always differences
tween the initial and final exponents, and the process d
not seem to converge to some values. Therefore, our crite
is to stop the iteration process when the initial values
within the error bars of the final fit results. The temperatu
dependence of obtainedMS(T) andx0

21(T) are displayed in
Fig. 1~b!. The fit parametersb and g, finally obtained, are
0.38860.004 and 1.3060.01, respectively. The determine
TC’s for both scaling equations areTC25409.2160.03 K
and TC15409.0760.09 K, respectively and they are ve

FIG. 1. Top panel~a!: the isotherms ofM1/b vs (H/M )1/g ~the
Arrott plot!. The curves nearTC are quite straight, implying tha
both plot parametersb and g are reliable values. Here,b50.385
andg51.30. Bottom panel~b!: the plot ofMS ~closed circles! and
x0

21 ~open circles! vs T. MS and x0
21 are determined by a linea

extrapolation of the Arrott plot~see the text!. Solid lines are fit
curves for Eqs.~1! and ~2!.
09241
s
e-
es
on
e
e

close to each other. TheMS data point at 362.58 K is slightly
below the fitted curve, which might suggest that this te
perature is out of the critical region. The valueb is slightly
larger than that of the 3D Heisenberg model, but close to
of Ni.8 Also, g is very close to that of Ni~Ref. 8! ~cf. Table
I!. In order to judge the validity of this analysis and to co
firm better the obtained critical exponents andTC , we per-
formed another scaling test. The scaling laws predict that
magnetization satisfies the equation

M ~T!/uT2TCub5 f ~H/uT2TCubd!. ~3!

Here f (x) is an unknown function. Using the scaling relatio
d5(b1g)/b,9 we can easily confirm the relation betwee
normalizedM and normalizedH with b andg ~Fig. 2! ob-
tained above. ATC of 409.1 K was tentatively selected as a
intermediate value betweenTC6 ; however, such a small de
viation ofTC has little effect on data collapse. As seen in F
2, all the data fall on two universal curves, this scaling b
havior strongly suggesting that our estimation procedure
the values forb, g, and TC are quite reliable.d54.35 is
indeed close to that of Ni,8 because of the consistency o
scaling laws. The critical exponents of SFMO obtained
this study are listed in Table I along with those of some ot
ferromagnets and of theoretical models for comparison. O
may note that one of the two curves at low field, far fromTC
for T,TC shows a slight downturn rather than being flat. W
believe the reason for this is mainly an effect of magne
crystalline anisotropy, because, when taking the magnet
tion data, the magnetic easy axis of the sample was not

FIG. 2. M /uT2TCub vs H/uT2TCubd plot of SFMO, usingb
50.388,d5(b1g)/b54.35, andTC5409.1 K.
odels
TABLE I. Critical parameters of SFMO, conventional ferromagnetic metals, and 3D Heisenberg m
for comparison.

Materials TC(K) a b g d Ref.

3D Heisenberg 20.12 0.365 1.39 4.80
Ni 635.5 0.379;0.405 1.34 4.35 8

;631.58 20.10 10
CrO2 386.50 0.371 1.43 4.85 7
SrRuO3 ;150 ;21(T.TC) 0.325 1.38 6
SFMO 409.1~409.9a! 20.12a 0.388 1.30 4.35 present work

aDeduced from thedr/dT anomaly~see the text!.
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fectly aligned with the magnetic-field direction. Th
magnetic anisotropy abruptly decreases with increasing t
perature toTC and therefore this effect could be negligib
near and aboveTC and at high field. However, it might caus
a significant deviation from the ideal curves much bel
TC , especially at low field.

We now turn to the critical behavior of the resistivity. I
Fig. 3, the temperature-dependent resistivity and its der
tive nearTC are shown. In contrast to ther-T curves of the
polycrystalline samples,1 the curve of the single-crysta
sample shows a metallic behavior over the entire meas
temperature regime.dr/dT shows a strong cusp atTC , simi-
lar to that of a specific-heat anomaly. In the case of conv
tional ferromagnetic metals,dr/dT curves are proportiona
to specific-heat curves in the critical region; in other wor
the critical exponent ofdr/dT is the same asa, the critical
exponent of specific heat.11–14Therefore, assuming this rela
tion to hold, it is possible to obtain the critical exponenta by
applying the same analysis as for the critical behavior of
heat capacity15 to dr/dT curves, that is,

dr/dT5~A6 /a!u~T2TC!/TCu2a1S01S1~T2TC!.
~4!

Here, 1(2) refer T.TC(T,TC), and S0 and S1 are ap-
proximations of the nonmagnetic temperature coefficients
resistance. As in many materials, we assume thata5a8; that
is, the critical exponents forT.TC andT,TC are identical.
Because of either intrinsic16 or experimental rounding effect
near TC , the data pointsTC6;5 K (t round&1022) were
excluded. We considered theTC670 K (tcrit&0.17) data
points to be in the critical region; however, the range did
affect the fit results so much. The best-fit result is also sho
in Fig. 3. The results ofa and the amplitude ratioA1 /A2

are 20.1260.01 and 1.1460.01, respectively. There is
slight discrepancy between the obtainedTC5409.8760.13
and those ofMS andx0

21 scalings, probably due to the tem

FIG. 3. r2T anddr/dT plots nearTC . The resistivity shows a
kink nearTC , and is metallic even aboveTC . Fit results are also
shown ondr/dT plots ~see the text!.
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perature correction error. The values obtained are very c
to those of a conventional ferromagnet such as Ni~Ref. 10!
or Fe,14 and satisfy the scaling relation;a12b1g52
within a reasonable error. Furthermore, the fact that the c
cal behavior ofdr/dT can be described by the Fisher-Lang
picture indicates that the electronic structure does not cha
abruptly above and belowTC .

We also need to comment on the differences betwee
ferromagnet and a ferrimagnet in terms of critical behavior
is known that a ferrimagnet shows the same scaling la
such as Eqs.~1!–~3!, with exponents similar to those of con
ventional ferromagnets17 despite their more complicated sp
structures. Indeed, in the case of SFMO, it seems more lik
ferromagnet18 than a typical ferrimagnet with two subla
tices. In fact, a recent experiment revealed that the ma
tudes of the Mo moments, presumably coupled to localiz
Fe moments, are negligibly small;19 therefore, the two-
sublattice ferrimagnetic picture may not be appropriate.

Although the absolute value ofdrM /dT nearTC is quite
large for SFMO, even a few times larger than for SrRu3

@cf. Fig. 3~a! in Ref. 6#, we should take account the ratio o
drM/dT at TC to rMAG , which is the incoherent spin resis
tivity at high temperature@rM(T@TC)#, and which should
be saturated at this temperature regime. In order to estim
rMAG empirically, we assume that the main contribution
the resistivity is decomposed into the residual resistivityr0,
a magnetic scattering termrM(T), and a lattice scattering
term with a Bloch-Gru¨neisen formr latt(T),20 that is, r(T)
5r01rM(T)1r latt(T). Here r latt is a function that in-
creases asT5 at low temperature, and asT above the Debye
temperatureQD . In the case of conventional ferromagnet
metals above bothTC and QD ,rMAG is independent ofT,
anddr/dT is solely proportional toA/4QD . By substituting
QD of ;397 K determined by the low-temperature he
capacity data,2 the coefficientA can be determined. How
ever, the resultingrMAG is problematic;r latt estimated in
this way is far larger than the measuredtotal r at some
temperature regime, suggesting that ourr latt(T) is overesti-
mated in this analysis, and that some magnetic scatte
contribution remains even above bothTC andQD . It is pos-
sible that the high-temperature region, where we assum
that only the electron-phonon scattering contributes
dr/dT, is still within the critical regime, and therefore tha
rM(T) is still varying in this regime.

As an alternative way to estimaterMAG , we can directly
calculate it by adopting Kasuya’s model21 for high-
temperaturerMAG , namely, rMAG5(3pm* 2/Ne2\2)S(S
11)Jc2d

2 /EF , wherem* , S,Jc2d , andEF are the effective
mass of conduction electrons, the spin number of the lo
ized electron (S55/2 for the present case!, the exchange
coupling strength between spins of the conduction elect
and localized spins, and the Fermi energy, respectively. S
stituting the thermal effective mass (m* /m;3.3) from the
low-temperature electron heat capacity,2 the coupling
constant (Jc2d5218 meV),22 and free-electron value
for those not reported into the above equation, we obt
rMAG'230 mV cm. The result is that 1/rMAGdrM /dT is
1-3
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8.731023 K21, comparable to that of SrRuO3 (;1.5
31022 K21). As shown in Table II for comparison, th
1/rMAGdrM /dT of SrRuO2 is apparently larger than that o
Fe, but is only twice as large as that of Ni, which is al
a conventional ferromagnet. Therefore, it seems hard
conclude that there is a relation between the amplit
of 1/rMAGdrM /dT and the classification of ferromagnet
metals.

TABLE II. Resistivity anomaly parameters of different mate
als.

drM /dT rMAG 1/rMAGdrM /dT
Materials mV cm /K mV cm 31023 K21 Ref.

Ni 0.11 15 7.3 23 and 20
Fe 0.26 80 3.3 14 and 20
SrRuO3 1.2 80 15.0 6
SFMO 2 230 8.7 present work
Y.

i,

.

Y

M

,

v.

l
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Despite normalization by the incoherent scatterin
(dr/dT)crit is several times larger than that of convention
ferromagnets, and may be intimately related to its uniq
electronic structure. Furthermore, it may suggest a conn
tion to the breakdown of the Boltzmann picture in this sy
tem, similar to the anomaly of SrRuO3.6 However, unlike
SrRuO3, SFMO does not show any discrepancy in terms
the critical behavior as a ferromagnetic metal, including
electrical resistivity anomaly and the scaling relations b
tween a, b, and g, as we showed above. Our method
estimate the aboverMAG may be too oversimplified; there
fore, the 1/rMAGdr/dt may not be so large compared wit
conventional one. In order to make this argument experim
tally clearer, higher-temperature resistivity measurements
needed.
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the U.S. Department of Energy, Division of Materials Sc
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