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Optical and magneto-optical data from the perovskite itinerant ferromagnet rRw@Opresented and
compared to fully relativistic, local spin-density approximation band-structure calculations. We find that the
basic features of the optical data are well described by the ferromagnetic band calculation. To test recent
predictions that the ferromagnetic transition in SrRuU©®driven by long-wavelength longitudinal spin fluc-
tuations, we track the temperature dependence of the@B¢Ru(4d) interband transition which we observe
in the magneto-optic conductivity. The absence of significant changes in the energy of this transition suggests
that the ferromagnetic order is destroyed largely through transverse, not longitudinal, fluctuations of the
ferromagnetic moment. We discuss the implications of these observations for the electronic structure of the
ruthenium perovskite§S0163-182009)51134-X

Itinerant ferromagnetisnt=M) at finite temperatures has T. in SrRuQ,. Extensions to the band theory of FM require
been a source of controversy for decati@e fundamental gome degree of short-ranged order near and afqveo
problem rests in how to properly describe the electronic corexplain our results.
relations in the paramagnetic state. Despite significant theo- For energetic reasons, longitudinal moment fluctuations
retical progress, it is fair to say that a general understandingre strongly peaked arourng=0, so if they are important in
of these correlations eludes us, and requires further empiric@rRuQ,, the average exchange splitting should appear to de-
guidance. The pseudocubic perovskite SrRnOw provides crease a3 ¢ is approached from below. In turn, optical prop-
an important challenge for our current understanding, just asrties which are sensitive to the exchange splitting will be
elemental nickel has done before it. In addition to severabtrongly temperature dependérfirom optical and magneto-
experimentally determined anomalfe$,it has been argued optical (MO) measurements on SrRyOwe assign the
on theoretical grounds that the ruthenium oxides generallyD(2p)— Ru(4d) interband transition, and use this to moni-
should display anomalously large fluctuations of the on-siteor the magnetic exchange splitting Bs is approached. We
moment amplitudé.In this picture of the electronic struc- find that SrRu@ behaves as other, conventional large-
ture, the transition to FM SrRuQOshould be dominated by moment ferromagnets, in that the band energies exhibit little
long-wavelength fluctuations of the moment amplitude, de-dependence on the ferromagnetic transition.
spite its large moment of 16 . A recent theory utilizes Experimentally, we have determined the full conductivity
these fluctuations to provide the pairing mechanism for sutensor of SrRu@ over the visible range, using direct meth-
perconductivity in SfRuQ,,® and support for this view has ods which do not require Kramers-Kronig transformation.
recently been provided by the strong enhancement of th&)sing spectroscopic ellipsometry at several incident angles,
spin-lattice relaxation rate in §RuQ, at low temperature5. we determined the frequency-dependent conductivity at
In this work, we present experimental and band theoreticaloom temperature of a 1250 A film of SrRy@eposited by
results on the optical and magneto-optical spectroscopy afoevaporation on a SrTiOsubstraté. The real and imagi-
SrRuG; and show that they compare favorably. Through amary parts of the optical conductivity,,(w) are shown in
analysis of these results, we also provide spectroscopic eviFig. 1, in the frequency range between 0.67 and 4.5 eV.
dence for the primacy of transverse moment fluctuations nearhese plots were derived using a semi-infinite smooth slab
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) . . FIG. 3. Calculated band structure for SrRU@rrows indicate
-2 1 ) 4 5 optical transitions discussed in the text.
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Energy (eV)
to the measured value of g ,% and the exchange splitting
of 0.55 eV is consistent with other calculatiottd?We have
accounted for intraband contributions to the conductivity
with a single Drude peak far,, and with the conventional

) ] . form for o,,, due to spin-orbit coupling® As observed
model for the sample, for which we estimate systematic erpreviously* o, at low frequency is significantly larger than

rors of less than 10% over the range covered. To determing,at expected from the Drude form. Additionally, we find the

xy(w), we measured both the Faraday rotation and ellipticioyfrequency value ofr,,, to be approximately five times
ity at several temperatures below the Curie point. For theSgreater than our conventional estimate, indicating that this
transmission measurements, we used a 500 A SgRD@ excess conductivity is magneto-optically active. The origin
film deposited by laser ablation on MgO with a 1000 A f this excess conductivity is not understood presently.
buffer layer of SrTiQ, to avoid the background associated  The most obvious feature in the experimental data, which
with thick SrTiO, substrates. Using measurements)pfw) s reproduced in the calculation with reasonable accuracy, is
ander(w) at 65 K, and room temperature ellipsometric mea-the feature at-3.2 eV in both the diagonal and off-diagonal
surements ofr,(w), we calculatedr,(w). The results of  conductivity. These peaks indicate the existence of a MO-
this calculation, scaled by the known temperature-dependeictive interband transition at this energy, and our calcula-
magnetization to indicate the expected zero-temperaturgons indicate that this peak is largely due to transitions of
behaViOﬁ; are ShOWI’] in F|g 2. These I’esultS are dominateq-ninority Spin from the top of the Oxygep_”ke Comp|ex
by 0:(w) ande ((w) and are largely insensitive to the details (0-0.45 Ry to the top of the Ru(d) ty-like complex
of the o(w) measurement, even for large changes. (0.45-0.65 Ry. Two representative transitions are indicated
TOgether with the experimental data, we show resultsby arrows in F|g 3. Transitions between UBS andeg com-
from fully relativistic band structure calculations in the local plexes are expected to be much weaker than the observed
spin density approximatiofLSDA), computed for the cubic  transition strength, due to the parity selection rule. The final
structure’'® The bands are shown in Fig. 3. This calculation sates of these transitions form part of a narrow peak in the
gives a ground state moment of 1,86, which is very close  density of stateDOS) near the Fermi level, and drive the
system to FM in the Stoner mod€iRecent optical measure-

FIG. 1. Optical conductivity of SrRuQat room temperature.

Symbols are as follows: ©” o, (Experiment “—" o,y
(theory; “ " o,y (EXPEriment “- - - o,y (theory.

0.10 g - : T - - ments have assigned this transition to the Mott-Hubbard gap,
0.08 | : and assumed that the charge-transfer transitions occur at
0.06 - much higher-energie¥$. The detailed agreement between
0.04 | theory and experiment for our alternative assignment casts
~ : considerable doubt on the validity of this interpretation, and
oo 0027 the conclusions which depend on it.
% 0.00 f The mere existence of a MO-active transition allows us to
g 002} conclude that at least one of the two states involved in the
004 transition is magnetic. Moreover, magnetism is accompanied
006 | . by spin-dependent wave functions and energy states, so that
) - both the optical matrix elements and the energy differences
-0.08 between occupied and unoccupied states may contribute to
'0~1‘1).5 P s s Y 5 oxy- Roughly speakinggy,~ oyx; — 0y , SO energy differ-
Energy (eV) ences between time-reversed states will caugg to be

dispersive, or antisymmetric about the average transition en-
FIG. 2. Magneto-optic conductivity of SfRyOExperimental €9y, While matrix element differences will produce a sym-
points are calculated from the measured Faraday rotation and ellighétric, dissipative line shapé The coincidence of the peak
ticity of a 500 A film of SrRuQ and the data shown in Fig. 1. in o, and a dissipative peak imr,,, shows that the MO
Symbols are as follows: [1” o4, (experiment “- - -” o,  activity of the 3 eV transition is due to the spin-orbit pertur-
(theory); “ O oy, (experiment “—" o5,y (theory. bation of the matrix elements, coupled with spin asymmetry
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3000 [T T ' As indicated in the figure, we observe a shift of only 40
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2 5000 [ 140K, 1.4 T (x 5) % ] der. In nickel, vertex co_rr_ections are thought to reduce the

g I e S + ] measured exchange splitting by a factor of 2. If we assume

o i @{’ , } {i 1 that these are not significantly different in this material, this

T 1m0 B - > - will reduce the expected shift to 130 meV, which is still

é_ [ 40 meV ] more than three times the total experimental shift, and 13

i times larger than our estimated magnetic contribution. Such
oo T e L L L strong disagreement leads us to conclude that SgRoses
275 280 285 280 295 300 305 310 g magnetic order by orientational disorder, with local mo-
Energy (eV)

ments persisting abové:. We would expect paramagnetic

FIG. 4. The interband peak in the Faraday rotation at 65 and 14 aRuQ to beha\{e similarly, indicating tha_‘t extrapplations
K. The measurement at 140 K was done in a 1.4 T field. to ensurd©M paramagnetic band calculations for this material should

that the moment was along the optical axis. The high-temperaturB€ tréated with caution. A similar caveat should hold for the
data are scaled up by a factor of 5. layered ruthenium oxides, in particular superconducting
SrL,RuQ,, though here the effects of lower dimensionality
in the ground-state occupation; this is the usual mechanisr@nd large spin-orbit coupling must be taken into account.
in ferromagnetic metals. This confirms our assignment of the Slater argued that local moments could persist above the
final state to thet,q complex, which exhibits strong spin- transition temperature because of the relative insensitivity of
orbit mixing: we expect virtually no magneto-optic conduc- band-structure calculations to the orientation of individual
tivity from ey complex. Other than the magneto-optically moments,” and modern extensions to band theory attempt to
inactive transitions to they complex, our calculations indi- account for this:**~?°In some magnetic materials, however,
cate that no other optical transitions should lie within thisSlater's argument does not hold, notably in Ni metal and in
energy range. The O — Ru(4d,t,,) transition is almost ~ SrRuG;: band calculations of these materials display a strong
exclusively to aminority spin state, with little or no contri- sensitivity to spin alignment, so much so that the antiferro-
bution to the conductivity from final states of majority spin. magnetic state is unstable to paramagnetism in the L35A.
Thus the position of this MO active interband transition While the extensions to band theory have attempted to treat
monitors the average energy splitting betweenpitiéke and  this problem through a combination of short-range order and
d-like bands ofa single spin speciesind consequently will moment amplitude fluctuations, they generically predict
be sensitive to the exchange splitting in these regions of theverly large moments abovEc,**~**and the support pro-
Brillouin zone. vided by neutron data for short-range order has been
The spin splitting of the bands is approximated well by acontroversial-?*?* To date, research on the validity of the
rigid band picture. Thus we expect that temperatureextended band theory has been almost exclusively limited to
dependent shifts in the energy difference between spin-upickel and iron; our results indicate that SrRuresents a
and spin-down bands will be reflected as an absolute shift gfare and valuable addition to the class of materials in which
the 3.2 eV interband transition, since the spin splitting of thethis theory may be tested quantitatively.
initial p-like states is much weaker than the firdlike Several features of our LSDA calculations suggest that
states. We have verified this by simulating the optical andSrRUGQ may also be relevant to recent work on itinerant
MO conductivity of SrRuQ@ for a weakly magnetized state, ferromagnetism in extended Hubbard models. While this
by adding a 10 meV spin-dependent shift to the chemicafield is still under development, our calculations exhibit fea-
potential of the nonmagnetic LSDA bands. In both the opti-tures which appear necessary to stabilize FM in extended
cal and MO conductivities, we find that the interband transi-Hubbard models within the dynamical mean-field theory:
tion peak energy shifts down by more than 400 meV. Thdlat, degenerate bands, with a strongly asymmetric DOS
conclusions presented here depend primarily on globapeaked near the band edgé®**This theoretical approach
changes to the bands from on-site Hund'’s rule exchange cote SrRuQ is especially interesting in light of the narrdwy
pling, which we expect to be preserved in the actual, weaklypandwidth found in our calculation and others, which sup-
orthorhombic structure. ports a localized point of view. For example, our calculated
We focus on the peak at 2.9 eV in the Faraday rotationgxchange splitting in SrRuQOis more than half its second-
which is shown in Fig. 4 for two different temperatures. Themoment bandwidth, indicating strong coupling between the
lower curve, taken at 140 K, was taken in a 1.4 T field intransverse moment fluctuations and the electron hopping.
order to ensure that the material remained uniformly magne- From a phenomenological point of view, the zero-
tized. The substrate contribution to the Faraday rotatioiemperature moment inferred from the Curie constant above
could be subtracted reliably. The high-temperature curve hasc is 2ug (mefr=2.8ug), and the actual zero-temperature
been scaled up by a factor of five for easier comparison withiemanent moment is 1.6, so the Rhodes-Wobhlfarth ratio
the data taken at 65 K. Overall, the Faraday rotation at 65 Ketween high- and low-temperature moments is $°38ith
is roughly a factor of 6 greater than that at 140 K. Thea T¢ near 150 K, this puts SrRuQvery close to thdocal
dashed lines indicate parabolic fits to the data over the rang@omentlimit, near Gd and EuO. The magnetic states of
shown, which provides our measure of the peak position. these materials are characterized by relatively strong on-site
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Coulomb repulsiorlJ, which suppresses charge fluctuationsshort-ranged magnetic order above the Curie point, but we
and produces multiplet structures which are not naturally inhave noted objections to the validity of this formulation. Ex-
corporated in the LSDA. The effectivé for ruthenium may  perimental tests for such order, together with more focused
be estimated from atomic optical spectroscopy te#eV, theoretical study of this material, will clarify our general
and this value, together with the Rucharge state given by understanding of itinerant ferromagnetism.
the band theorysee also Ref. )5 gives the correct bare Ru ) } .
level energy for an accurate tight-binding moéeFurther J.S.D. would like to thank D. J. Singh, I. I. Mazin, W. A.
detailed theoretical investigation, using both the dynamicaHarrison, and S. Doniach for stimulating discussions, and M.
mean field and the density-functional approaches, may thugubin for equipment use. This work was partially supported
help to establish some range of applicability for each modelby the following sources: the Center for Materials Research
In summary, we have presented optical evidence that that Stanford under the MRSEC program of the NSF, Contract
transition to FM in SrRu@is dominated by transverse fluc- No. FG03-94ER455528, the Director, Office of Energy Re-
tuations of robust local moments, in disagreement with research, Office of Basic Energy Sciences, Division of Mate-
cent predictions and in contrast with the spin-lattice relax+ials Sciences under Contract No. DE-AC03-76SF00098,
ation rate measurements on the related materigR8p,.  Grant No. 97-00428/1 from the United States-Israel Bina-
Within the current formulation of band theory of FM at finite tional Science Foundatio(BSF), Jerusalem, Israel, and the
temperatures, our result would imply that SrRuéxhibits ~ Venture Business Laboratory at Kobe University.
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