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Critical behavior of single-crystal double perovskite SpFeMoOg
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The critical behavior of the double perovskite,BeMoQ; (SFMO) is investigated by measurements of the
magnetization 1), susceptibility §), and temperature derivative of the resistivitp(dT), the last of which
has the same critical exponent as the magnetic heat-capacity anomaly. The critical temperatures determined by
both magnetization andp/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 SrRu@
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The double perovskite SFMO has one of the highest critiments were performed by a dc four-probe technique, while
cal temperaturesT(-~410 K) among half-metals, giving it slowly sweeping(typically 0.2 K/min) from room tempera-
great possibilities for applications. According to bandture to 480 K with a LakeShore 340 temperature controller.
calculations, the majority band has a band gap and is mainlyAfter smoothing over appropriate temperature intervals, the
composed of Fe @ states that are fully occupiedS{, temperature derivative was taken. As a consequence, the
=5/2) while the Fermi level lies in a minority-spin band dp/dT curve obtained has an extrinsic rounding error
which is composed of mainly Mo d states By,=1/2). (~0.2 K, t=[T=T¢|/Tc~5x10"%).

Therefore, SFMO can be regarded as a mixed ferrimagnet, in According to scaling laws, the spontaneous magnetization
that it has a localized spin 5/2 and an oppositely alignedMs) and the initial susceptibility X,) obey the following
itinerant spin 1/2. In addition to this unique electronic struc-equations in the critical region:

ture, the transport properties of single crystals and epitaxial

films of SFMO show a metallic behavior, as expected from Mg(T)= lim M(H,T)|T=Tc_|#,T<Tg, (1)

the band structure, but with a high residual resistivity at low H=0

temperatures and a much weaker temperature dependence

than conventional ferromagnetic metafs. In this sense, Xo H(T)=lim H/Mo|T=Tc, |7, T>Tc. 2
SFMO is quite an unusual magnetic material. In order to H-0

understand this unusual material better, we have investigated . . ]

its critical behavior, expecting the universality class to which 1‘/I'he typical proc?/dure for extracting and y is to plot

the material belongs to give important clues. We are motiM ™ against H/M)*”, the so-called Arrott plots, and then
vated by the recent suggestions by Kleinal. that the criti-  to determine eitheMg(T) and x, *(T) by linearly extrapo-

cal behavior of the resistivity of SrRuQwhich does not lating from a high-field region to both axes or by using a
appear to be that of conventional ferromagnetic metals, chaolynomial fit. In the case of our isothermal magnetization
acterizeshad metallicity® In this paper, we find that the criti- data sets, botM g and Xo - determined in this way are very
cal behavior of SFMO is close to that of Na three- sensitive to both the parameters of the Arrott plot and the
dimensional(3D) Heisenberg modglin spite of the half- extrapolation method. Since these critical exponents as well
metallic band structure and a mixed ferrimagnetism. asTc should be determined by some procedure as unequivo-

The SFMO single crystal was grown by the floating-zonecally as possible, we followed an iteration method recently
method, the details of which can be found in Ref. 4. Weused by Yanget al. for a critical behavior analysis of CEO
measured magnetic properties via magnetization isotherms fiims.” Starting from some plausible combination@fandy
magnetic fields up to 70 kOe fromy 360 to ~450 K by  (~0.370 and~1.33, respectivelyas the initial values, we
using a commercial superconducting quantum interferencdetermineM ¢(T) andy(T) by a linear extrapolation to both
device magnetometer. The mass of the sample was 7.3 mgxes, and then obtajB, y, andT.-., by fitting with Eqs.(1)
and we calculated the demagnetization factorrk) to be  and(2). We continue this procedure using the obtained ex-
~0.5 from its shape. The temperature at the sample positioponents as initial guesses until both initial and final expo-
in the magnetometer was carefully corrected using a calinents become consistent, and the difference betvilgen
brated Pt thermometer which was also used for temperaturend T, becomes negligible. The Arrott plot of the isother-
dependent resistivity measurements. The resistivity measureaal data sets from 362.58 to 448.09 K, wij#i+0.385 and
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120 T,, =409.07 +009K - 500 =0.388, 5= (B+ v)/ B=4.35, andT=409.1 K.
100
6 —400 &, close to each other. THd g data point at 362.58 K is slightly
g = ~ below the fitted curve, which might suggest that this tem-
g —300 § ; o . O
= & g perature is out of the critical region. The valges slightly
= {200 larger than that of the 3D Heisenberg model, but close to that
4O 5 —o38820004 of Ni.8 Also, v is very close to that of N{Ref. 8 (cf. Table
20| Te =40921£003K (b) — 100 I). In order to judge the validity of this analysis and to con-
0 | l I 0 firm better the obtained critical exponents ahg, we per-
360 380 400 420 440 460 formed another scaling test. The scaling laws predict that the
T () magnetization satisfies the equation

FIG. 1. Top panela): the isotherms oM¥# vs (H/M)*” (the
Arrott plot). The curves neall - are quite straight, implying that
both plot parameterg and y are reliable values. Hergg=0.385
and y=1.30. Bottom pane(b): the plot of Mg (closed circlesand
Xo* (open circles vs T. Mg and x, * are determined by a linear
extrapolation of the Arrott plof{see the text Solid lines are fit

curves for Eqs(1) and(2).

vy=1.30 is shown in Fig. (). Although these critical expo-
nents must ideally converge to some combination of valuedavior strongly suggesting that our estimation procedure and
after a number of iterations, there are always differences behe values fors, v, and T are quite reliable5=4.35 is
tween the initial and final exponents, and the process doesdeed close to that of Nibecause of the consistency of
not seem to converge to some values. Therefore, our criteriogcaling laws. The critical exponents of SFMO obtained in
is to stop the iteration process when the initial values arehis study are listed in Table | along with those of some other
within the error bars of the final fit results. The temperatureferromagnets and of theoretical models for comparison. One
dependence of obtainéds(T) andx, Y(T) are displayed in
Fig. 1(b). The fit parameter® and y, finally obtained, are
0.388-0.004 and 1.3f10.01, respectively. The determined believe the reason for this is mainly an effect of magneto-
Tc’s for both scaling equations are: - =409.21-0.03 K
and T, =409.07-0.09 K, respectively and they are very tion data, the magnetic easy axis of the sample was not per-

M(T)/|T—Tcl#=f(H/T-Tc|#). )

Heref(x) is an unknown function. Using the scaling relation
5=(B+ v)IB,° we can easily confirm the relation between
normalizedM and normalizedH with 8 and y (Fig. 2) ob-
tained above. A’ of 409.1 K was tentatively selected as an
intermediate value betwedn-. ; however, such a small de-
viation of T has little effect on data collapse. As seen in Fig.
2, all the data fall on two universal curves, this scaling be-

may note that one of the two curves at low field, far frog
for T<T. shows a slight downturn rather than being flat. We

crystalline anisotropy, because, when taking the magnetiza-

TABLE |. Critical parameters of SFMO, conventional ferromagnetic metals, and 3D Heisenberg models

for comparison.

Materials Tc(K) a B y ) Ref.

3D Heisenberg -0.12 0.365 1.39 4.80

Ni 635.5 0.379-0.405 134 435 8
~631.58 —-0.10 10

Cro, 386.50 0.371 143 485 7

SrRuG ~150 ~=1(T>Te) 0.325 1.38 6

SFMO 409.1409.99 —0.122 0.388 1.30 4.35  present work

8Deduced from thelp/dT anomaly(see the text
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Ul s e O L e R perature correction error. The values obtained are very close

A =338107£008x107 to those of a conventional ferromagnet such agRé&f. 10
35| AdA stmsoor — 700 or Fel* and satisfy the scaling relationy+28+y=2
g Y it within a reasonable error. Furthermore, the fact that the criti-
T 30F % Ziiwmion 600 o cal behavior otlp/dT can be described by the Fisher-Langer
= =0T = picture indicates that the electronic structure does not change
5 s o 500 :a abruptly above and beloWc .
= g We also need to comment on the differences between a
é g ferromagnet and a ferrimagnet in terms of critical behavior. It
= 20 740 T is known that a ferrimagnet shows the same scaling laws,
s such as Eq9.1)—(3), with exponents similar to those of con-
L5 =300 ventional ferromagnetédespite their more complicated spin
. structures. Indeed, in the case of SFMO, it seems more like a
ol e Lo L L Iogg ferromagnéf than a typical ferrimagnet with two sublat-
300 350 400 450 500 tices. In fact, a recent experiment revealed that the magni-
T (K) tudes of the Mo moments, presumably coupled to localized

Fe moments, are negligibly smafl; therefore, the two-
sublattice ferrimagnetic picture may not be appropriate.
Although the absolute value afp, /dT nearT is quite
large for SFMO, even a few times larger than for SrRuO
[cf. Fig. 3@ in Ref. 6], we should take account the ratio of

fectly aligned with the magnetic-field direction. The dem/dT atTc 10 pyag, Which is the incoherent spin resis-
magnetic anisotropy abruptly decreases with increasing tentlVity at high temperatur¢py (T>Tc)], and which should
perature toTC and therefore this effect could be neg||g|b|e be saturated at this temperature regime. In order to estimate
near and abov&. and at high field. However, it might cause pPmac €mpirically, we assume that the main contribution of
a significant deviation from the ideal curves much belowthe resistivity is decomposed into the residual resistigigy
Tc, especially at low field. a magnetic scattering termy,(T), and a lattice scattering
We now turn to the critical behavior of the resistivity. In term with a Bloch-Graeisen formp,,.(T),% that is, p(T)
Fig. 3, the temperature-dependent resistivity and its deriva= py+ py(T) + pjaw(T). Here pio is a function that in-
tive nearT¢ are shown. In contrast to theT curves of the creases a$° at low temperature, and dsabove the Debye
polycrystalline samples, the curve of the single-crystal temperature®,, . In the case of conventional ferromagnetic
sample shows a metallic behavior over the entire measuregetals above botfc and ©p ,puac is independent of,
temperature regimelp/dT shows a strong cusp &k, Simi-  anddp/dT is solely proportional t\/40 . By substituting
Igr to that of a speplflc—heat anomaly. In the case of conveng - of ~397 K determined by the low-temperature heat-
tional ferromagnetic metalslp/dT curves are proportional c4nacity datd, the coefficientA can be determined. How-
to spgqlflc-heat curves in the. critical region; in other ,Words’ever, the resultingy e is problematic:p,., estimated in
the critical exponent oflp/dT is the same ag, the critical this way is far larger than the measurtatal p at some

. g _14 . . _
exponent of specific hedt-**Therefore, assuming this rela temperature regime, suggesting that p,(T) is overesti-

tion to hold, it is possible to obtain the critical exponeniy ated in this analvsis. and that some madgnetic scatterin
applying the same analysis as for the critical behavior of thdntea in alysIs, 9 . 9
contribution remains even above bdth and®p . It is pos-

heat capacity to dp/dT curves, that is, sible that the high-temperature region, where we assumed

dpldT=(A. la)|(T=Te)/Te| =+ Sy+ Sy(T—Te). that onlly the .ek.ectron—ph(.)non spattering contributes to
(4) dp/dT,_|s s_t|II wnhm the c_rltlcal_reglme, and therefore that
pm(T) is still varying in this regime.

Here, +(—) refer T>T(T<Te), and Sy and S; are ap- As an alternative way to estimatg g, We can directly

proximations of the nonmagnetic temperature coefficients otalculate it by adopting Kasuya’s modkl for high-

resistance. As in many materials, we assumedhaty’; that  temperaturepyag, namely, pyac=(37m*2/Ne*4?)S(S

is, the critical exponents fof>T. andT<T¢ are identical.  +1)J2_,/E¢, wherem*, SJ._4, andEr are the effective

Because of either intrinsi@or experimental rounding effects mass of conduction electrons, the spin number of the local-

nearT¢, the data pointsTc+ ~5 K (touna=10"2) were ized electron $=5/2 for the present cagethe exchange

excluded. We considered the-+=70 K (t;;=0.17) data coupling strength between spins of the conduction electron

points to be in the critical region; however, the range did notand localized spins, and the Fermi energy, respectively. Sub-

affect the fit results so much. The best-fit result is also showstituting the thermal effective massn{/m~3.3) from the

in Fig. 3. The results ofr and the amplitude ratié\, /A _ low-temperature electron heat capaéitythe coupling

are —0.12¢0.01 and 1.140.01, respectively. There is a constant {._4=—18 meV)? and free-electron values

slight discrepancy between the obtained=409.87-0.13  for those not reported into the above equation, we obtain

and those oM ¢ and)(gl scalings, probably due to the tem- pyac~230 w ) cm. The result is that pfacdpm /dT is

FIG. 3. p—T anddp/dT plots nearT. . The resistivity shows a
kink nearTc, and is metallic even abovE: . Fit results are also
shown ondp/dT plots (see the tejt
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TABLE Il. Resistivity anomaly parameters of different materi- Despite normalization by the incoherent scattering,

als. (dp/dT).it is several times larger than that of conventional
ferromagnets, and may be intimately related to its unique
dom/dT  pmac  lpmacdpm /dT electronic structure. Furthermore, it may suggest a connec-
Materials puQcm/K uQcm X103 K1 Ref. tion to the breakdown of the Boltzmann picture in this sys-
) tem, similar to the anomaly of SrRy® However, unlike
NI 0.11 15 7.3 23 and 20 SrRuG;, SFMO does not show any discrepancy in terms of
Fe 0.26 80 3.3 14 and 20 the critical behavior as a ferromagnetic metal, including the
SrRuG 1.2 80 15.0 6 electrical resistivity anomaly and the scaling relations be-
SFMO 2 230 8.7 present work tween «, 8, and y, as we showed above. Our method to

estimate the abovpyag May be too oversimplified; there-
fore, the 1pyacdp/dt may not be so large compared with
conventional one. In order to make this argument experimen-
tally clearer, higher-temperature resistivity measurements are
needed.

8.7x10° 2% K1, comparable to that of SrRuO(~1.5
x10°2 K~1). As shown in Table Il for comparison, the
1ppmacdpm /dT of SIRUG is apparently larger than that of
Fe, but is only twice as large as that of Ni, which is also This material was based upon work supported in part by
a conventional ferromagnet. Therefore, it seems hard tthe U.S. Department of Energy, Division of Materials Sci-
conclude that there is a relation between the amplitudences under Award No. DEFG02-91ER45439, through the
of 1/pmacdpm/dT and the classification of ferromagnetic Frederick Seitz Materials Research Laboratory at the Univer-
metals. sity of lllinois at Urbana-Champaign.
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