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Abstract

In order to investigate the various interactions in a system consisting of both
a 4d transition metal (Ru) and a 4f rare earth (Gd), a combined nuclear
magnetic resonance (NMR) and magnetization study has been carried out on
the ordered double-perovskite Sr,RuGdOg. As the temperature is reduced, an
antiferromagnetic ordering (type-I) of the Ru sublattice occurs at 7} = 33 K,
which is a consequence of the Ru—O—O-Ru superexchange interactions. A
second magnetic transition occurs between 30 and 10 K, which is characterized
by a maximum in magnetization at 7, = 17 K, along with hysteretic behaviour,
and reflects the importance of the Ru—O—Gd interactions over this temperature
range. For 73 < 2 K, the Gd sublattice orders antiferromagnetically, which
is a consequence of the emergence of strong Gd—O—-O-Gd interactions. In an
external magnetic field, a temperature-dependent spin reorientation is observed.
The NMR spectrum for SroRuGdOg at 1.3 K consists of two peaks at 119
and 133 MHz corresponding to the ’Ru and '°'Ru isotopes, respectively, and
a hyperfine field of 605 kOe. The evolution of the '°’Ru NMR peak in an
applied magnetic field reveals the existence of a ferromagnetic phase in the
antiferromagnetic matrix at low temperature, indicating a complex competition
and coexistence of different magnetic interactions in Sr,RuGdOg.

1. Introduction

4d transition metal oxide ruthenates have attracted a great deal of recent interest due
to their rich electronic and magnetic properties (for a review, see [1]). In the layered
series (St, Ca),+1Ru, 03,4 (the so-called Ruddlesden—Poper series), these properties range
from paramagnetism (CaRuO3) to antiferromagnetism (Ca;RuQj), and from ferromagnetism
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(SrRuO3) to superconductivity (Sr,RuQOy4). The sensitive dependence of these properties on
subtle structural changes points to the fact that the 4d orbitals are more extended than 3d
orbitals and to the crucial role played by the lattice degrees of freedom. The double-perovskite
Sro,RUREOg (RE = rare earth) compounds are derived from the well-studied perovskite
SrRuOj3, with every other Ru replaced by an RE atom, forming an ‘ordered’ structure. Despite
its structural and electronic proximity to SrRuOj3, the magnetic ground state of Sr,RuREOg,
which is an insulating antiferromagnet (AFM), differs greatly from the itinerant ferromagnetism
(FM) found in SrRuOs;. Band structure calculations on Sr;RuYOg (Y # rare earth and does
not contribute to the magnetic order) reveal a small energy difference (0.095 eV /Ru) between
the FM and the AFM ordering [2], hinting at a strong competition between these two ground
states [3].

In a series of earlier works by Battle et al [4-8], neutron diffraction was used to study
the magnetic structure of the ruthenium double-perovskite (Ca, Sr, Ba);Ru(RE, Y, La)Og. In
almost all cases, the Ru sublattice adopts a type-I AFM structure at low temperature. The
type-I structure consists of moments which are coupled ferromagnetically in the (001) planes;
the planes are coupled antiferromagnetically along the [001] direction (or c-axis). The only
exception that was found is BaRuLaOg, which has the type-Illa AFM structure. In the early
neutron diffraction work, the deduced Ru ordered moment was &2 g, which is less than the
3.0 up expected with the tgg electronic structure in the high spin configuration [4-8]. Battle
et al [4-8] have suggested that the Ru—O—O-Ru superexchange coupling is mainly responsible
for the long range magnetic order. The Ru-RE and RE-RE interactions do not appear to play
a significant role except in the case of SrRuErOg, where the long range order involves both
Ru and Er. The participation of the rare earth elements in the magnetic ordering offers a good
opportunity to study the magnetic coupling between the 4d and 4f electron systems, which,
presumably, are itinerant and localized, respectively. Gd**, which possesses a large magnetic
moment, might be expected to participate in the magnetic ordering. However, Sr,RuGdQOg was
not included in the neutron studies by Battle er al [4-8], probably due to the large nuclear
absorption cross section of Gd. Papageorgiou ef al [9] have presented some magnetic work on
Sr,RuGdOg since it is a precursor phase to the extensively studied magnetic superconductor
RuSr,GdCu;,0g. In order to obtain a complete understanding of the magnetic structure and
interactions in the Sr,RuGdOg system, detailed NMR and magnetization studies have been
carried out and are reported here.

2. Sample preparation and experimental procedure

A polycrystalline sample of Sr,RuGdOg¢ (along with a polycrystalline sample of Sr,RuYOg,
which was used as a reference sample) was prepared using a conventional solid state reaction
technique. A stoichiometric combination of SrCOj3, RuO,, and Gd,03(Y,03) starting powders
were thoroughly mixed, calcined at 950 °C for 12 h in air, ground, and recalcined. The resulting
powder was ground again, pressed into a pellet, and sintered at 1380 °C for 36 h under a flowing
atmosphere of 70% O, and 30% Ar. During the weighing of the RuO, starting powder, careful
attention was paid to its hydroscopic nature. The final sample powder was characterized by x-
ray diffraction using a commercial Bruker powder diffractometer. The diffraction pattern could
be entirely indexed using the distorted perovskite-type crystal structure, which is monoclinic
with space group P2;/n, and lattice parameters which are consistent with earlier work [10, 11].
Within the sensitivity limits of the instrumentation (<3%), there was no evidence of impurity
phases.

The magnetization measurements were carried out on a Quantum Design MPMS SQUID
magnetometer operating between 2 and 350 K, and for magnetic fields ranging from —50 to
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Figure 1. Temperature dependence of the magnetization in 1.0 kOe upon cooling for Sr,RuGdOg.
Three consecutive AFM transitions occur at 77 = 33 K, 75 = 17 K (indicated by arrows), and
T3 < 2 K, which are attributed to the Ru—Ru, Ru-Gd, and Gd-Gd coupling, respectively. The inset
shows the temperature dependence of the muon asymmetry deduced from WTF-uSR experiments.
The magnetic transition at 33 K, which is a consequence of the type-I AFM ordering of the Ru
sublattice, is supported by the SR experiments.

50 kOe. In the temperature-dependent magnetization measurements, no anomaly was found
at 160 K, indicating that the sample is essentially free of STRuOs, an impurity phase which
frequently occurs in polycrystalline samples involving both Sr and Ru. Weak transverse
field (WTF) muon spin rotation (uSR) experiments were performed in a field of 100 Oe at
the Paul Scherrer Institute (PSI). Spin-echo NMR experiments were carried out at 1.3 K for
applied magnetic fields ranging from 0 to 9.0 kOe using a conventional phase-coherent pulse
spectrometer. Formation of the spin-echo involved variation of the excitation conditions using a
7 /2—t—m pulse sequence. The NMR spectra were obtained over the desired frequency range
by averaging the spin-echo signal 500-2000 times at various frequencies.

3. Experimental results and analysis

Measurements of the zero-field-cooled (ZFC) and field-cooled (FC) dc magnetization were
made for both low (50 Oe) and high (1.0 kOe) magnetic fields. As an example, figure 1 shows
the FC magnetization in a field of H = 1.0 kOe. As the temperature is reduced, Sr,RuGdOg¢
undergoes three distinct magnetic transitions at 77 = 33 K, 7, = 17K, and T3 < 2 K (T}
and 7, are marked by the arrows in figure 1). The peak-like features are characteristic of
AFM ordering. WTF uSR data [12] were fitted to Gaussian functions and the asymmetry
values at various temperatures were obtained. The temperature dependence of the normalized
asymmetry is shown in the inset of figure 1. Since the asymmetry is proportional to the
magnetic volume fraction of the system, the magnetic transition at 33 K is supported by the £SR
data. This transition (33 K) is attributed to the type-I AFM ordering of the Ru sublattice via
the superexchange path Ru—O—-O-Ru. This conclusion is consistent with similar observations
in other Ru double-perovskites where the RE ion is diamagnetic; for example, Ty = 32 K for
both Sr,RuEuQOg and Sr,RulLuOg [10]. The second magnetic transition, which is characterized
by a maximum in the magnetization at 17 K, involves the appearance of weak FM at 30 K
with hysteretic behaviour (see below), followed by its disappearance at 10 K. This particular
magnetic feature has not yet been reported for other Ru-based double-perovskites, reflecting
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Figure 2. Complete magnetization loop (=50 kOe < H < 50 kOe) at 5 K for Sr,RuGdOg.
No irreversibility is seen, which is consistent with AFM ordering. A spin reorientation (or spin-
flop) occurs at a characteristic field Hy (indicated by arrows). The inset shows the temperature
dependence of Ht.

the importance of 4d—4f (Ru—O-Gd) magnetic coupling in Sr,RuGdOg. (As discussed below,
the weak FM observed here for Sr,RuGdQOg is attributed to a polarization effect of the Gd
moments. To date, the observed weak FM in other Ru-based double perovskites, for example,
SroRuYOg (see [3]), accompanies the AFM order of the Ru sublattice and is not a distinct
magnetic transition. Furthermore, the occurrence of the maximum in the magnetization of
Sr,RuGdOg at 17 K reported here and Cao et al’s [3] Mott-like transition in the resistivity of
Sr,YGdOg at 17 K is strictly a coincidence.) Finally, as the temperature goes below 10 K,
a sharp increase in the magnetization occurs; however, this increase deviates from the Curie—
Weiss form in that the magnetization appears to bend down below 5 K. This behaviour indicates
the onset of a third magnetic transition. Previously, Papageorgiou et al [9] reported a cusp near
3 K in one of their Sr,RuGdOg samples, which apparently depends on the synthesis conditions.
This low ordering temperature is reminiscent of GdBa,Cu3;O7 [13] and RuSr,GdCu,0g [14].
In both systems, neutron diffraction shows that the Gd sublattice undergoes an AFM transition
at 2.22 and 2.50 K, respectively. Thus, the Gd sublattice is believed to order at 73 < 2 K in
Sr,RuGdOg, independent of the Ru sublattice.

Figure 2 shows the complete magnetization loop (—50 kOe < H < 50 kOe) measured at
5 K for Sr,RuGdOg. The absence of hysteresis (i.e., no detectable coercive field or remanent
magnetization) is consistent with the AFM ordering at this temperature. The magnetization
increases linearly with field up to 210 kOe where a clear increase in the slope takes place due
to a spin reorientation (spin-flop). Observation of a spin-flop indicates the existence of magnetic
anisotropy; however, this spin-flop is not believed to be associated with the Gd moments since
a sizable magnetocrystalline anisotropy is not expected for Gd sublattice due to a lack of spin—
orbit coupling (for Gd**, L = 0). Such a spin-flop was not observed in SroRuYOg [3]. Due
to the polycrystalline nature of the sample, the expected sudden increase in the magnetization
(accompanying the spin-flop) is somewhat broadened. Nevertheless, for Sr,RuGdOg at 5 K, the
‘critical field” Hg, which is defined as the field for which the fastest change in the magnetization
(coinciding with a local maximum in dM/dH) occurs, is determined to be 11 kOe, as marked
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Figure 3. Representative magnetization loops at selected temperatures (with expanded scale for the
magnetic field axis) for S, RuGdOg. Weak FM behaviour is observed for I0 K < 7 < 30K, i.e.,
the region associated with the magnetic transition at 17 K (see figure 1).

by the arrows in figure 2. A careful look reveals that Hy increases with increasing temperature
(see the inset in figure 2). The observed temperature dependence can be understood according
to

Hg = /2K /(x1 — x), (D

where K is the anisotropy energy [15]. The derivation of above expression involves the
minimization of the energy in a field. As can be seen, when the temperature approaches
the ordering (Néel) temperature from below, the difference between yx; (perpendicular
susceptibility) and y (parallel susceptibility) approaches zero, and the critical field increases.

Figure 3 shows a representative selection of the magnetization loops (with expanded scale
for the magnetic field axis) which were obtained at various temperatures for Sr,RuGdQOg.
Weak FM, characterized by nonlinear or hysteretic behaviour, is just starting to appear for
T = 30 K (figure 3(b)) and is clearly visible for T = 15 K (figure 3(c)). On the other hand, the
magnetization loops for 7 = 35 and 5 K (figures 3(a) and (d), respectively) were completely
reversible and linear through the origin, indicating no trace of FM behaviour. From all of the
magnetization data, it was determined that the weak FM only occurred for 10 K < 7 < 30 K,
i.e., the region corresponding to the large ‘hump’ with a magnetization maximum at 17 K in
figure 1. In particular, it should be noted that no trace of nonlinear or hysteretic behaviour was
observed at 2 K (a temperature at which both the Gd and Ru moments are ordered), indicating
that a simple AFM is associated with both sublattices. The shape of the FC magnetization
curve at 1 kOe for 10 K < T < 30 K (figure 1) reflects the evolution of the weak FM as can
be seen by comparing figures 1 and 3. For example, by extrapolating the linear portion of the
magnetization versus magnetic field curve (below Hg) at 15 K (figure 3(c)) to zero field, one
obtains 0.60 emu g~ for the saturation (spontaneous) magnetization, or 0.057 jp per formula
unit. Similarly, values for the saturation magnetization can be obtained for other temperatures
over this range. As discussed below, this small value which characterizes the weak FM in
Sr,RuGdOg is consistent with a polarization of the Gd moments.
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Figure 4. Zero-field spin-echo NMR at 1.3 K for Sr,RuGdOg. The two peaks at 119 and 133 MHz
are assigned to the *Ru and ''Ru isotopes, respectively, and yield a hyperfine field of 605 kOe.
An ordered Ru moment of ~2 pp is deduced from the peak frequencies.

Concerning the Ru valence and magnetic moment in Sr,RuGdQOg, charge neutrality
requires Ru to be in the Ru>* state (or 4d* configuration), with half-filled t,, orbitals and empty
e, orbitals in an octahedral crystal field. This results in a spin § = 3/2 according to the Hund’s
rules. Assuming complete orbital quenching, values of 3.0 up and 3.87 up are expected for
the Ru ordered moment and paramagnetic moment, respectively. NMR, being a local probe, is
a very powerful tool for exploring the Ru valence state and magnetic moment in Sr,RuGdOg.

Figure 4 shows the NMR spectrum obtained for Sr,RuGdOg at 1.3 K in zero external
field. The excitation conditions were independently optimized for the two frequency ranges,
namely, 110-125 and 125-140 MHz. It should be noted that, due to the lack of a rf
enhancement in an AFM system, low temperatures and high power were required. The NMR
spectrum consists of two peaks at 119 and 133 MHz, assigned to the *’Ru (gyromagnetic ratio
y = 0.19645 MHz kOe™!, nuclear spin I = 5/2, natural abundance = 12.72%) and 10IRy
(y = 0.22018 MHz kOe ™', I = 5/2, natural abundance = 17.07%) isotopes, respectively.
These NMR peak frequencies correspond to a hyperfine field of 605 kOe at the Ru nuclei.
Taking the widely used (isotropic) hyperfine coupling constant A ~ 300 kOe/up for Ru [16],
a value of &2 up for the local Ru moment is obtained. This value is in good agreement
with the ordered Ru moment determined by neutron diffraction for several other Ru double-
perovskite systems [4—8]. The reduction (33% compared with the Hund’s rule value of 3.0 )
indicates a certain degree of itinerancy or covalency through the hybridization of the Ru 4d and
O 2p orbitals. In the well-studied itinerant FM SrRuOj;, where Ru is in the Ru*t state with
S = 1 (4d* with low spin configuration), NMR revealed a value of ~1.1 ug for the ordered
Ru moment, which is a reduction of 45% [17]. Thus, it is concluded that the Ru t, electrons
are more localized in Sr,RuGdOg than in SrRuQOs, consistent with the fact that the Ru double-
perovskite is categorized as an insulator.

In order to obtain additional magnetic moment information for Sr,RuGdQg, a Curie—Weiss
fit was made to the magnetic susceptibility temperature dependence in the paramagnetic state.
Such an analysis for Sr,RuGdOg is complicated by the existence of the two magnetic ions,
Ru’* and Gd**. In an earlier work, Doi et al [10] reported that the magnetic contribution from
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Figure 5. Curie-Weiss fits: (a) for the Ru sublattice contribution in Sr;RuYOg and (b) for the
Gd sublattice contribution in SryRuGdOg. Values of peg(Ru) = 3.1 g and ®(Ru) = —260 K
obtained from (a) were used to correct for the Ru sublattice contribution in Sr;RuGdOg yielding
values of pe(Gd) = 7.2 and ®(Gd) = 6.1 K for the Gd sublattice contribution (b).

the Ru sublattice is ‘negligible’ in the Sr;,RUREQg systems for which the RE ions are magnetic.
In order to obtain the paramagnetic contribution from the Ru moments, Sr,RuYOg was used as
a reference sample, since Y>T has essentially zero magnetic moment. For both the Sr,RuYOy
and Sr,RuGdOg samples, meaningful values for the paramagnetic susceptibility x (7)) were
obtained at several temperatures 75 K < 7' < 350 K by ensuring that the magnetization versus
magnetic field curves were completely linear through the origin and, only then, taking the slope.
The susceptibility temperature dependence for Sr,RuYOg was fitted to the Curie—-Weiss form

2
x(T) = _ e

3kg(T — ®)
where n is the concentration of moments (per g), /s is the effective moment (magnitude),
kg is the Boltzmann constant, ® is the Curie—Weiss temperature, and x( iS a temperature-
independent term which reflects the core diamagnetism, Landau diamagnetism, and Pauli
paramagnetism. This resulted in values of u.f(Ru) = 3.1 up and ®(Ru) = —260 K
(see figure 5(a)). From these values, the Ru sublattice contribution in Sr,RuGdOg was then

+ Xos )
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Figure 6. Spin-echo NMR (''Ru peak) with various applied magnetic fields at 1.3 K for
SroRuGdOg. A peak still remains at 133 MHz while a new peak gradually develops on the low
frequency side and shifts down in frequency with increasing field. The new peak arises from a
‘ferromagnetic’ phase, indicating the existence of different magnetic interactions at low temperature
(see text).

calculated using the first term on the right-hand side of equation (2). (It should be noted that
the moment concentration (per g) will not be the same for the two systems.) After subtracting
the Ru sublattice contribution, a Curie-Weiss fit for the Gd contribution in Sr,RuGdQOg was
made. From the fit, values of p.(Gd) = 7.2 ug and ®(Gd) = 6.1 K were obtained (see
figure 5(b)). The Gd** free-ion moment value is 7.94 pg. The ® (Gd)-value obtained here is
very small, as expected, and quite sensitive to the fit which is made at high temperature.
Figure 6 displays the evolution at 1.3 K of the '°’Ru NMR peak with increasing magnetic
field applied perpendicular to the f field. For clarity, the spectra are shifted vertically. It can be
seen that, in addition to the original peak located at 133 MHz which broadens somewhat with
essentially no shift in frequency, a new peak gradually develops on the low frequency side,
which shifts to lower frequency with increasing field. Since the applied field makes random
angles with the crystallites for a polycrystalline AFM sample, the observed behaviour for the
original peak at 133 MHz characterizes the AFM structure of the Ru sublattice [18]. The new
peak, on the other hand, indicates the existence of an FM phase (on the timescale of NMR ~
1078 5) in the AFM matrix. A careful look at the new peak reveals that the shift in frequency is a
linear function of the applied field with a slope of —0.23 MHz kOe ™! (see figure 7). This value
is very close to the gyromagnetic ratio for the '°'Ru isotope (0.220 18 MHz kOe™!), indicating
that this FM phase can be very easily saturated. Since the saturated FM phase is fully aligned by
the external field, the frequency shift would follow the gyromagnetic ratio. The negative shift
demonstrates that the hyperfine field is predominantly due to the core polarization mechanism,
i.e., the hyperfine field is opposite in direction to the magnetization. It should be pointed out
that this FM phase (at 1.3 K) cannot be interpreted as the canting of the AFM sublattice, for
which a much smaller shift is expected. Furthermore, the lack of hysteresis at 2 K strongly
suggests that this phase is single domain in nature, which behaves superparamagnetically
under the macroscopic SQUID measurement. The application of an external field suppresses
the superparamagnetic relaxation, causing more domains to exhibit ferromagnetic behaviour
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Figure 7. Field dependence of the new low-frequency '°’Ru NMR peak (from figure 6) at 1.3 K for
SrpRuGdOg.

and, therefore, enhances the NMR intensity [19]. Consequently, the new peak becomes more
pronounced with increasing field. An accurate determination of the volume fraction of the
FM phase is not possible from the NMR intensities, since different enhancement factors are
associated with the two magnetic phases.

4. Discussion and conclusions

As the temperature is reduced, three consecutive and distinct magnetic transitions are observed
for S, RuGdOg at 71 = 33 K, 7, = 17 K, and T3 < 2 K. Weak FM appears at 30 K and
then disappears at 10 K. The appearance and subsequent disappearance of weak FM, along
with successive magnetic transitions, has not been reported for other Ru—RE double-perovskite
systems to date. In addition, a spin reorientation (or spin-flop) is observed for Sr,RuGdOg.
These observations illustrate the roles played by the various interactions in a system consisting
of both a 4d transition metal (Ru) and a 4f rare earth (Gd).

As in Sr,RuErQg [8], the magnetic order in Sr,RuGdOg involves both Ru and the RE
constituent (Gd). Unlike the 4d electrons for Ru, the 4f electrons for Gd are presumably
localized, which does not favour overlap with the O p orbitals. Thus, the magnetic coupling
involving Gd is quite unique. The possible superexchange interactions in Sr,RuGdOg, in
order of expected strength, are: (1) Ru—O-O-Ru (Ru-Ru hereafter), (2) Ru—O-Gd (Ru-Gd
hereafter), and (3) Gd—O-0O-Gd (Gd—Gd hereafter) [8].

As in other Ru double-perovskites, the Ru—Ru interaction initiates the transition at 77 =
33 K, below which the system enters a type-1 AFM state due to the magnetic order of the Ru
sublattice [4-8]. Due to its lower energy, the AFM ordering is favoured over a FM ordering and,
as a result, an insulating gap opens up between the majority and the minority spin states [2].
The Ru—Gd interaction becomes significant upon cooling and results in a second magnetic
transition which is characterized by a maximum in the magnetization at 17 K (see figure 1),
along with weak FM behaviour for 10 K < 7" < 30 K (see figure 3). The emergence of strong
Gd-Gd coupling at low temperature results in an ‘independent’ magnetic ordering of the Gd
sublattice below 2 K. This is typical of the ordering temperatures due to the Gd—Gd interaction
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in other perovskite systems [13, 14]. Gd is believed to adopt a magnetic structure similar to
that of Ru in Sr,RuGdOg, as is the case for Er in Sr,RuErOg [8]. No irreversibility in the M—H
curve is seen at 2 K, indicating that no FM component exists in either the Gd or Ru sublattice.

In an earlier work, the weak FM that occurs for 10 K < 7 < 30 K was attributed
to the polarization effect of the Gd moments due to the canting of the Ru sublattice [9].
However, the complete absence of FM at both 2 and 5 K (see figure 3(d)) makes this scenario
somewhat unlikely. Any canting of Ru moments which occurs at ~30 K would then have
to disappear by 5 K without any other mechanism, e.g., structural phase transition, being
reported. Another possible explanation is that the magnetoelastic stress which is placed on
the lattice due to the AFM ordering of the Ru sublattice leads to a very small crystallographic
distortion. This breaks the crystal symmetry of the Ru moments resulting in an internal field
which polarizes the Gd moments. This second scenario, which does not require a canting
of the Ru moments, was proposed in a detailed magnetic study of Gd,CuQy, single crystals
carried out by Thompson et al [20]. As is the case with compounds of the RE,CuQO, family,
Gd,CuQy exists in a tetragonal crystal structure that contains CuO, planes perpendicular to
the c-axis, with the oxygen atoms being square-planar coordinated about the copper atoms.
The Cu sublattice undergoes an AFM ordering in these planes at 260 K. As the temperature is
reduced, a weak FM appears, and subsequently disappears, with a maximum at 20 K. Finally,
the Gd sublattice undergoes an AFM ordering at 6.5 K. The weak FM behaviour observed
by Thompson et al [20] for Gd,CuOQy, which is completely analogous to that observed here
for Sr,RuGdOg, is characterized by a saturation magnetization having the comparable value
of 0.052 up per formula unit at the 20 K maximum. In Sr,RuGdOg, the oxygen atoms are
octahedrally coordinated about the ruthenium atoms. The Ru (and Gd) moments also order
antiferromagnetically in planes perpendicular to the c-axis. The polarizing effect is expected to
disappear after the Gd sublattice is completely ordered (AFM).

Another good example of a system where the Gd sublattice is polarized through its
interaction with the Ru sublattice is the well-known magnetic superconductor RuSr, GdCu,Og.
Detailed magnetization and polarized neutron diffraction studies clearly show (a) an AFM
ordering of the Ru sublattice at ~136 K, (b) weak FM which includes the polarized Gd
moments [14, 21]. A value of ~0.1 up per formula unit is obtained for the weak FM
component, which is completely consistent with the results for both Sr,RuGdg in this study
and Thompson et al’s [20] GdyCuQy.

It should be noted that the (Gd) polarization mechanism described above is different
from that proposed to account for the weak FM in Sr,RuYOg [3], where either a canting of
the Ru moments or the antisymmetric Dzyaloshinskii—Moriya interaction was suggested. In
Sr,RuYOg, the weak FM behaviour remains down to the lowest measurement temperature at
5 K [3]. In contrast, the weak FM in Sr,RuGdOg reported here disappears at low temperature
due to the AFM ordering of the Gd sublattice.

Battle et al [8], in analysing Sr,RuErOg, conclude that the apparent type-I order of the Er
sublattice is an inevitable consequence of the Ru—Ru and Ru-Er coupling, rather than direct
Er-Er interaction. As a result, the true magnetic structure is more accurately described as C-
type, provided that the difference between the two moments is ignored. The existence of three
transitions in Sr,RuGdOg indicates that the magnetic order of the Gd sublattice due to the direct
Gd-Gd interaction is rather independent of the Ru sublattice order. This is a result of the more
extended 4f orbitals in Gd than in Er. As a consequence, magnetic order of the Er sublattice due
to the direct Er—Er interaction is expected to occur at lower temperature. This is supported by
a study of the rare earth sublattice ordering in REBa,Cu30,, where the ordering temperatures
were found to be 2.24 and 0.6 K for GdBa,Cu3;0, and ErBa,Cu30,, respectively [22]. Since
the neutron work on Sr,RuErO¢ by Battle er al [8] was done at 4.2 K, well above the Er—



Complex low-temperature magnetic behaviour of the ordered double-perovskite SroRuGdOg 2283

Er ordering temperature, a C-type AFM structure is reasonable. In the case of Sr,RuGdOg,
a strong Gd-Gd interaction prevails at low temperature and a more complicated magnetic
structure results which involves interpenetrating type-I AFM of Gd and Ru sublattices.

In conclusion, the magnetic properties and hyperfine interactions in the ordered double-
perovskite Sr,RuGdOg have been studied. Magnetization measurements reveal successive
magnetic transitions associated with particular superexchange interactions. Spin-echo NMR
indicates that Ru is in the Ru’t state with rather localized tpg electrons. The local moment
and hyperfine field of Ru are determined to be ~2 pg and 605 kOe, respectively. The field-
dependent NMR studies reveal that there exist two components characterized by AFM and FM
behaviour in Sr,RuGdOeg, i.e., the magnetic ground state of Sr,RuGdOg at low temperature
involves complex coexistence and competition of different interactions. A model is proposed
to explain why FM does not appear in the bulk magnetization.
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