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Scaling between magnetization and Drude weight in EuB
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The low-temperature optical response of EuB strongly influenced by a ferromagnetic phase transition
with a zero-field onset temperatufe of ~16 K. A marked blueshift of the reflectivity plasma edge with either
decreasing temperature or increasing magnetic field is observed. The corresponding temperature and field-
dependent plasma-frequency shift, combined with low-field Hall data, reveals a distinct reduction of the
effective mass of the itinerant charge carriers, in parallel with the onset of ferromagnetic order. A universal
scaling linking the experimental data on magnetization and the Drude weight is established.
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The spontaneous polarization of itinerant electronic mo+o understand metallic ferromagnetis¢fHirsch’s new point
ments in a metal may be viewed as a competition betweenf view suggests that metallic ferromagnetism is driven by
the single-particle kinetic energy, favoring the paramagnetidand broadening or, equivalently, an effective mass reduction
state, and the Coulomb-interaction-based exchange energat occurs upon spin polarizatidflin totality this leads to a
favoring the spin-polarized stateThis point of view is in-  decrease rather than a rise in kinetic energy. Alternative sce-
herent in the conventional Stoner modeihere, paraphras- narios related to ferromagnetism and enhanced metallicity,
ing the above concept, the gain in exchange energy upobased on polaron formation, have also been propbsed.
spin polarization more than compensates for the cost in kiMillis et al. have demonstrated that the double-exchange
netic energy, which results from the Pauli principle. It is still model must be complemented by a strong electron-phonon
debated which conditions favor ferromagnetism in metalsinteraction, arising from Jahn-Teller effects and leading to
Key issues in this puzzle include ferromagnetic transitionpolaron formation, in order to explain the colossal magne-
metals weak metallic ferromagnefs, and colossal toresistance in the series of manganese oxXitiés. overlap
magnetoresistance. of magnetic polarons, first suggested on the basis of Raman

New aspects of ferromagnetism in metals have possiblgatai* was claimed to account for the enhancement of the
been found in experimental results probing hexaborides witlelectrical conductivity upon the onset of magnetic order in
divalent alkaline-earth and rare-earth metals, as catiofEuBg.™
element?. Here, we focus on Euf which orders ferromag- In this work we analyze data concerning the magnetic-
netically at low temperaturesT¢~ 16 K) and exhibits large field dependence of the optical response of FaBseveral
magnetoresistandeBecause of similarities of this latter fea- temperatures above and beldw, the zero-field Curie tem-
ture with observations on transition-metal oxifethe or-  perature. We find an equivalence between the temperature
dered state of Eug due to the local # electron moments of and the magnetic-field dependence of the plasma edge, and
the EF " ions!? is of particular interest. In the paramagnetic the extracted plasma frequencies scale universally with the
state the temperature dependence of the electrical resistivitpagnetization. The data analysis reveals that the effective
is of metallic character but the concentration of itinerantmass of the itinerant charge carriers decreases with increas-
charge carriers is low?* It is, therefore, not priori clear  ing field and decreasing temperature, suggesting some kind
whether the spontaneous alignment of the localized momentyf undressing of the itinerant quasiparticles upon spin polar-
is simply due to the usual Ruderman-Kittel-Kasuya-Yoshidazation.

(RKKY) interaction or whether other coupling mechanisms We used the same well-characterized sample investigated
might be of significance. in Refs. 10 and 11 withTc=15.9 K. Optical reflectivity

Optical experiments offer insight into the microscopic R(w) data at selected temperatures above and bdlgw
electronic properties of materials. If Egls cooled through have been collected between 15 and 5000 tin magnetic
the ferromagnetic transition at. its optical reflectivity dis-  fields ranging from 0 to 7 T. We used an Oxford magneto-
plays a giant blueshift of the plasma edfendicating a  optical cryostat with appropriate windows. In principle, the
sizable increase of the charge-carrier concentration and/or @ptical reflectivity with suitable extrapolations at lovw (
reduction of the effective mass of the itinerant charge carri<<15 cmi 1) and high >5000 cm 1) frequencies can be
ers. Hall-effect data suggest that simultaneously with the onused for the Kramers-Kronig transformations providing the
set of magnetic order the effective charge-carrier concentrasptical functions-2*®For the purposes of this report, we con-
tion increases significantly. The concomitant loss of centrate on the reflectivity collected in the midinfrared spec-
effective mass or undressing of the itinerant carrtérs;cur-  tral range. Figure 1 summarizes the general trendR(@b)
ring at Tc and necessary to explain the blueshift of thebetween 750 and 3000 ¢th at selected temperatures. We
plasma edgé’ has recently been claimed to offer new routesrecognize a clear metalliclike plasma edge, which is blue-
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FIG. 1. Magneto-optical reflectivity of Eypat (a) 20, (b) 18, (c) 16, (d) 14, (e) 10, and(f) 1.6 K in the midinfrared spectral range. At
20 K the fit for O T is presented as an example of the fit quality.

shifted with increasing field. The temperature dependence of From the reflectivity data we may extract the unscreened

the plasma edge in zero field coincides with that of our preplasma frequencw,, i.e., w§~a)gew, ., being the optical

vious resu~ltsl.° The plasma edge defines the screened plasmgielectric constant representing the screening by the high-
frequencyw,, the screening being caused by the electronigrequency transitions, using the standard phenomenological
interband transitions at high energies. The phonon mode atyrentz-Drude approacil;’® We describe the complex di-

71 10 . . « .
850 cm -, distinctly visible at 20 K and O T, is progres- gjectric function and ultimately the optical reflectivity with
sively hidden by the blueshifted plasma edge. In the far in, appropriate ensemble including a Drude component for

f_raredhspectral fj‘f‘ge’ QOt sh%wn hEre, alsgcfﬁri}d ?\P“rf"?‘”y 8ffe itinerant charge carriers and Lorentz harmonic oscillators
tive phonon mode Is observed at about ® WRIEN IS t5r non zero energy excitations, respectivElfhe fits at any
_also _hld_den by_the progresswely enh_anced metallic reerCtIVgiven combination of temperatures and fields are consistent
ity with increasing fields. The blueshift saturates at low tem-With our previous analysis at 0*.As an example, a corre-
peratures. A magnetic-field-induced appearance %‘ th%ponding fit at 20 K and 0 T is sﬁown in Figal tr;e same
lasma edge was previously observed for R€aMnO;. : 2 . .

P 9 P y or-&ta 3 fit quality is obtained for all dat® Figure 2a) shows the
In contrast to EuB, however, the appearance of Drude

weight with the field in Mn oxides coincides with an temperature dependence @f at various fields. We note the

. e . . . 10 .
insulator-to-metal transition afc, from a charge-ordered Significant increase of, below Tc in zero field-™ With
insulator to a ferromagnetic metal. No hysteresis effects ifncreasing field the enhancementwf with decreasing tem-

R(w) were observed when sweeping the field up and dowerature is less pronounced aig t_ends to saturate arouno_l
at all temperature¥ 6000 cm ! at low temperatures. It is natural to correlate this
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FIG. 3. Squared magnetization versus squared plasma frequency
(i.e., Drude weightof EuBg.

Ref. 12. In order to account for the blueshift of the optical
plasma edge below (Fig. 1), the enhancement of the free-
charge-carrier concentration upon spin polarization, as evi-
denced from Hall dat& must be combined with a reduction

of the effective masfFig. 2(b)]. These simultaneous changes
in carrier concentration and effective mass that follow from
our data contradict the findings reported in Ref. 21 where,
upon the onset of ferromagnetism, no measurable modifica-
tions of the Fermi-surface dimensions or carrier masses have
_ o been seen. However, the high magnetic fields needed to ob-
FIG. 2. Temperature dependence at various magnetic fields aferve quantum oscillations by far exceed the fields, which

are needed for a full polarization of EgRt any temperature

itinerant charges carriers, calculated from Hall-effect data of Ref. Moelow 30 K. Therefore, because of the saturated magnetiza-
tion the Fermi surface keeps its shadpe.
The reduction ofn* is a manifestation of an undressing

and normalized by the value at 20 K and 1 T.

temperature- and magnetic-field-induced variation «f
with the large negative magnetoresistahte.
Given the plasma frequenczypzfvneﬁ/m*, we may esti-

of the quasiparticles, in coincidence with the onset of the

ferromagnetic state. As the magnetization increases, carriers

undress and the spectral weight of the quasiparticles

mate the effective mass of the itinerant charge carriers byhcreased? The calculated magnetoresistance, assuming the

using the Hall-effect data measured between 1 and'7rhe
effective charge-carrier concentratiogy; extracted from the

undressing of quasiparticles as the driving mechanism for
ferromagnetisnt? yields the same behavior for the magnetic-

Hall numberR, is, in a perfect semimetal, related to the realfield dependence of the measured transport properties as is

electron (or hole concentrationn by neg=n(uy+ un)/ (1

indeed observei!! These calculations do not necessarily in-

— i), Whereu, andu,, are the hole and electron mobilities, voke a substantial change in the quasiparticle scattering rate

respectively. Thus, the real electron concentratioitsEuBg
may even be smaller than used to calculaten* from w,.
Another difficulty arises from the nonlinearity d®y(H).

with magnetizatiotf and they provide results that are con-
sistent with our fits. In zero field, the scattering rate, ex-
tracted from the phenomenological Lorentz-Drude analysis,

However, since we are simply interested in the trend of thelecreases & (Ref. 10 but our results indicate that it does
relative change ofm* versus field and temperature, we are not change as a function of magnetic field at fixed tempera-
confident that our approximation is not seriously affectingture. This seems to imply that in view of the total scattering

the main conclusions of our analysis. Figui)2shows the
calculated temperature dependencendfin fields between 1 of

quasiparticle

undressing

rate, spin-flip processes are not important. Although the idea

in  connection  with

and 7 T. We note a general reduction of the effective masgerromagnetisrif is appealing and finds some experimental
upon cooling to belowT, which is more pronounced at confirmation, the experimental datanagneto-optics and
lower fields™?° In low fields and at temperatures close to Hall effect imply a more complicated situation, where varia-

and just abovel -, m* increasegFig. 2(b)] because of the
small redshift ofw,, aboveT in zero field>?°and the rapid

tions of bothn andm* are important.
The enhancement @f, with decreasing temperatures and

increase oh with respect taw,, at low fields and at tempera- increasing fields is due to a shift of spectral weight collected
ture close tdT. This is consistent with some predictions of between 2000 and f@m™! into the spectral range below
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2000 cm *.'® Such a spectral weight shift in coincidence and below the Curie temperatufe in zero field, and points
with the ferromagnetic transition is a key prediction of theto an intimate relation between the optical weight of the
double-exchange-based model of Mills al*® The crucial itinerant charge carriers and the moment spin polarization. In
point is that optical processes conserve spins. In the fullthe mean-field approach of the double-exchange mbéfl
polarized ferromagnetic state it is impossible for an opticakhe temperature dependencef represents the variation of
process to create a final state with the electron spin antihe spectral weight of the intraband excitations. A scaling
aligned with the local moments, i.e., between the lower a”‘i)etweenmp and M seems also to be implicit in Hirsch’s
upper spin band with an excitation energy of the ord&r2  qe|  although both quantities are claimed to be only af-

representing Hund's coupl_ing.Z;I'herefore, only intrabandlikege ot by the effective-mass behavior as a function of both
Drude transitions are possibl&?2A strong Hund’s rule cou- emperature and magnetic fidflln this sense we are not

p]lng to the. local moments causes a p_erfgct a"gnme”.t Ohware of a solid theoretical basis and it remains to be seen
itinerant spins, thus reducing the possibility of spin-flip- how the phenomenological trend, i.812~ (w,2)2, can rig-
y I ) p 1

scattgring Processes. This latter model prediction Seems to l?)‘?ously be explained. The scaling is obviously not affected
consistent with our findings on_the temperature and field deb the phase transition in different magnetic fields, a remark-
pendence of the Drude scattering rate. Nevertheless, a stro le and theoretically challenging result

electron-phonon coupling, associated with the formation o In conclusion, we have shown that the optical response of

Qahn-TeIIer poIarqns, is an essentiall ingredien.t qf _the mOdeliiuBe is characterized by a huge blueshift of the plasma edge
n orq_er ‘1‘3’ exp_lam t?ehsh_arp_ dropf_m the_ reS|fstI|_:\2/l;[y at thein reflectivity as a function of both temperature and magnetic
transition.” In view of the ionic configuration of EU', N0 fie\q in coincidence with the ferromagnetic transition, as
Jahn-TeIIer effects are expected 'for ESU.B. . well as by a surprising scaling between the Drude weight and
Alternatively, the sharp drop in resistivity coyld be the o magnetization for temperatures above and beTow
colnsequencg of n}giglggenc-ﬁolaron olverla% Cllg”lnez 10 d8gentifying the reason for such a scaling is beyond the scope
velop around 30 K. Such an overlap should lead to a ¢ g paper and new theoretical input is clearly needed. The

metallization in Eulg, manifest in a rapid increase of the |, qressing of quasiparticles and, more generally, the shift of

condusctlon_-electron concentration and a dec_re_ase_ of .thegpectral weight into the Drude term upon spin polarization-
mass.” While at present we are not able to explicitly identify goor 1o be important secondary manifestations of the onset
polaronic features in our spectra, some consequences of bo ferromagnetism

these polaron scenarios are in agreement with our optica
results. The authors wish to thank F. Salghetti-Drioli for collect-

Finally, we report the unexpected identification of a uni-ing data in a preliminary stage of the project, S. Paschen for
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the plasma frequency,. As shown in Fig. 3, the scaling Mueller for technical help, and J. Hirsch, A. Millis, R. Mon-
relatesM? to wg and provides a strong argument in favor of nier, L. Cooper, and D. Basov for fruitful discussions. This
the magnetic polarization involving simultaneous variationswork has financially been supported by the Swiss National
of nandm*. The scaling is valid at temperatures both aboveFoundation for Scientific Research.

*Present address: Dipartimento di Fisica, Universita’ di Roma, La?J. E. Hirsch, Phys. Rev. B2, 14 131(2000, and references

Sapienza, Piazzale Aldo Moro 2, Rome, Italy. therein.
"Present address: Los Alamos National Laboratory, Los Alamosle- J. Millis et al, Phys. Rev. Lett74, ?144_;1995)-
NM. P. Nyhuset al, Phys. Rev. B56, 2717(1997).
15 3
1C. Herring, inMagnetism edited by G. T. Rao and H. SutAca- 162' gulc()jw _etkalt., Trzys. Rl()al\'/- hBS;, 11 626(2000.
demic Press, New York, 1966vol. IV. |, Prodericket al. {unpublishe
2E. C. Stoner, Proc. R. Soc. London, Serl®5, 373(1938. Y. Okimotoet al, Phys. Rev. B57, R9377(1998.

183 Silow et al, Phys. Rev. B57, 5860(1998.

E. P. Wohlfarth, inFerromagnetic Materials edited by E. P. = Wooten,Optical Properties of Solid¢Academic Press, New

Wohlfarth (North-Holland, Amsterdam, 1980Chap. 1.

York, 1972.
“B. T. Matthiaset al, Phys. Rev. Lett7, 7 (196); Phys. ReV. 20 first evaluation of the temperature dependencendf was
109 604 (1958; S. G. Mishra, Mod. Phys. Lett. B}, 83 shown in Ref. 11 using the),(T,B=0T) of Ref. 10 and the
(1990. Hall constantR, at 1 T.
SP. Schifferet al, Phys. Rev. Lett75, 3336(1995. 2IM. C. Aronsonet al, Phys. Rev. B59, 4720(1999.
6H. R. Ottet al,, Physica B281-282, 423(2000, and references 22Y. Okimoto et al, Phys. Rev. Lett75, 109(1995.
therein. ZWe use here the magnetization data obtained with a standard
7C. N. Guyet al, Solid State CommurB83, 1055(1980. magnetometer by Pascheet al. (unpublished on the same
83, Jinet al, Science264, 413(1994). sample. These results are in perfect agreement with similar data
SW. Henggeleret al, Solid State Commuri.08 929 (1998. by Sulow et al. (Ref. 15.
101, Degiorgi et al, Phys. Rev. Lett79, 5134(1997. 24N. Furukawa, J. Phys. Soc. Ji88, 3214(1994.
115, pascheet al, Phys. Rev. B51, 4174(2000. A, J. Millis et al, Phys. Rev. B54, 5405(1996.

121102-4



