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Orbital ordering in Ca,RuQ, investigated by *Ru perturbed angular correlation
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The y-7y perturbed angular correlation technique (PAC) using PRu was applied to investigate the orbital
ordering of Ru 4d electrons in Ca,RuQ,. It was confirmed that the ferro-orbital ordering characterized by the
double occupation of d,, orbitals at every Ru ion is realized in the stoichiometric Ca,RuQ,. A strong tempera-
ture dependence of the quadrupole interaction below the metal-insulator transition around 360 K reflects
variation in the occupation of crystal field orbitals enhanced by very pronounced change in the lattice param-
eters. Temperature dependence of the hyperfine magnetic field Hy at the Ru site shows very steep increase just
below the ordering temperature, which could suggest a two-dimensional character of the magnetic ordering in

CazRuO4.
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I. INTRODUCTION

The discovery of unconventional superconductivity in
Sr,RuO, (Ref. 1) caused a growing interest in the investiga-
tion of ruthenium oxides of the Ruddlesden-Popper series
(Ca,Sr),,Ru, 05, ;. Their crystal structures contain RuO,
layers built up of corner sharing RuOg octahedra. For n=1,
Sr,RuQy has the tetragonal structure with the I4/mmm space
group. The smaller size of Ca>* ions in Ca,RuQ, leads at low
temperatures to the orthorhombic structure described by the
space group Pbca.>? The orthorhombic distortion of the
crystal structure results in totally different physical proper-
ties of Ca,RuQO, in comparison with its strontium analog.
Instead of the two-dimensional Fermi liquid behavior ob-
served in the metallic Sr,RuQ,, the deformation of O-Ru-O
chains (the O-Ru-O angle amounts to only 151° instead of
180° as it is in the tetragonal Sr,RuQ,) leads in Ca,RuQ, to
the considerable decrease in the 44 bandwidth and in conse-
quence to the Mott insulating ground state with an antiferro-
magnetic order at low temperatures.

A lot of attention was devoted to theoretical and experi-
mental investigations of the Ca,RuQ, electronic structure,
where Ru** ions contain four 4d electrons distributed within
the 1,, energy levels in the low-spin configuration with §
=1. Because of the compression of RuOg4 octahedra along the
c axis, the 1, state is split by the crystal electric field (CEF)
of essentially tetragonal symmetry into the ground d,, and
excited d,./d,, orbitals.? In this situation, it would be ex-
pected that two 4d electrons of opposite spins occupy the
ground d,, level (zero holes in the d,, orbital) and two re-
maining electrons are located in d,./d,, (two holes in the
d,,/d,, orbitals). This occupation, which leads to exactly the
same distribution of 4d electrons at every ruthenium site is
defined as the state with a ferro-orbital (FO) ordering and
was predicted by theoretical calculations.*> However, differ-
ent conclusions concerning the electronic structure of ruthe-
nium ions were drawn from O ls x-ray absorption spectra,
which are sensitive to the occupation of individual d;; orbit-
als (ij=xy,yz,zx).® The authors estimated the number of 0.5
holes (1.5 electrons) in the d,, orbital and 1.5 holes (2.5
electrons) in the d, /d,, orbitals, in distinct disagreement
with expectations.® This result was immediately explained by

1098-0121/2009/80(4)/045119(8)

045119-1

PACS number(s): 71.30.+h, 76.80.+y

theoretical calculations presented in Ref. 7, where the
antiferro-orbital (AFO) ordering characterized by a different
occupation of d;; orbitals in adjacent Ru atoms was postu-
lated [see Fig. 1(d) in Ref. 7]. The proposed AFO ordered
state leads to the distribution of holes within d,, and d,./d.,
orbitals, with occupations being in agreement with experi-
mental results.® The next experiment suggested coexistence
of both FO and AFO orderings.® Nevertheless, following pa-
pers devoted to this problem support the presence of the FO
ordering. First of all, results of optical investigations, supple-
mented by band structure calculations using the LDA+U
method, show the d,, FO ordering in the ground state.” In
addition, very strong variation in the electronic structure (the
hole population among different orbitals) with increasing
temperature was detected. Then, the presence of the same
kind of FO ordering was inferred from resonance X-ray in-
terference measurements.'%!!

In this paper, the possible orbital ordering of the ruthe-
nium 4d electrons in Ca,RuO, was explored by investigation
of the quadrupole interaction between valence electrons of
Ru ions and the electric quadrupole moment of the ruthe-
nium nucleus. The valence part of the electric field gradient
(EFG) tensor produced at the Ru nucleus by t,, electrons
depends on the occupation of the 7,, orbitals. As it will be
explained in detail, the orbital ordering connected with dif-
ferent occupations of d,,, d,, and d., orbitals at adjacent Ru
ions should lead to different EFG. To measure the quadru-
pole interaction energy, the technique of perturbed angular
correlation with *Ru isotope was employed. The final con-
clusions concerning the charge distribution of 4d electrons in
Ca,RuQ,, being in agreement with the results reported in
Refs. 9-11, demonstrate the utility of this method in investi-
gation of the orbital ordering in solids.

The paper has been organized in the following way. In the
next section, the experimental details concerning preparation
of the sample as well as results of the x-ray diffraction and
bulk magnetic measurements used to characterize our
Ca,Ru0O, material are given. That section contains also a
short description of the PAC technique and gives indispens-
able information necessary to understand the experimental
results. A presentation of experimental PAC spectra and a
description of their analysis are placed in Sec. III. Finally,
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Sec. IV contains the discussion of inferred results. At the end
of the paper, a short summary of results and some final con-
clusions are given.

A. S and L phases and magnetic structure of Ca,RuQy,

Two different phases of Ca,RuQ, that differ in the oxygen
content were discovered when the compound was synthe-
sized as a polycrystalline material by the solid state
reaction.”3 The most accurate structural investigations show
that both phases are described by the same orthorhombic
space group. They differ mostly in the length of the ¢ axis
that amounts to c=11.94 A in the stoichiometric S phase
and ¢=12.35 A in the oxygen excess L phase (which is
called O-Ca,RuQy, in Ref. 3).

The S and L phases show slightly different magnetic be-
havior. The L-phase crystal orders below =160 K and
shows a small ferromagnetic component in the ordered state.
The magnetic susceptibility of the S-phase material shows
the transition to an antiferromagnetic state at Ty=110 K
with some additional magnetization below 160 K, which
shows the features characteristic for the L-phase sample.
This was interpreted as caused by possible small inclusions
of the “ferromagnetic” L phase into the polycrystalline
S-phase material.?

Bulk magnetic properties of both phases were elucidated
by the determination of their magnetic structures by neutron
diffraction.? It was found that both of them show essentially
the same antiferromagnetic arrangement of Ru magnetic mo-
ments, which are parallel to the orthorhombic b axis. The
rotation of RuOg octahedra around the ¢ axis induces a small
ferromagnetic component by the Dzyaloshinski-Moriya ex-
change mechanism. These ferromagnetic components are
parallel in adjacent RuO, planes in the L phase [the magnetic
structure shows the B-centered magnetic mode with the
(0,1,0) propagation vector] leading to the small bulk ferro-
magnetic moment, whereas they cancel in adjacent planes in
the S phase [the A-centered mode with the (1,0,0) propaga-
tion vector].? It seems that the neutron diffraction results,
giving magnetic transitions in a very good agreement with
the bulk magnetic measurements, confirm the existence of
inclusions of the L-phase material in the S phase by detection
of the admixture of the B-centered mode in the magnetic
diffraction spectrum of the S-phase material. Finally, one
should mention that observed inclusions of the L phase into
the stoichiometric S-phase material are probably a result of
the polycrystalline synthesis since the magnetic susceptibil-
ity of Ca,RuQy, single crystals shows only the antiferromag-
netic maximum at 110 K, without any ferromagnetic contri-
bution around 160 K.%!?

II. EXPERIMENTAL DETAILS
A. Sample preparation and characterization

The polycrystalline sample of Ca,RuQ, was prepared by a
standard solid state reaction from RuO, and CaCOs;. The
powders were weighted in a proper molar ratio, mixed in the
agate mortar, pressed into a pellet and prereacted at 800 °C
for several hours. Following the prescription given in Ref. 2,
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FIG. 1. Zero-field-cooled and field-cooled susceptibility mea-
sured in Ca,RuO4 at H=10 kOe.

the final reaction was performed in flowing 99%Ar+1%0,
gas slightly above 1360 °C, the temperature necessary to
obtain the S-phase material.

The x-ray diffraction spectrum was measured with Si-
emens D501 powder diffractometer using Cu K, radiation
and the analysis was performed using the Rietveld method.
The spectrum, very similar to the one identified as the
S-phase,” was successfully described within the orthorhom-
bic Pbca space group with the lattice constants being in very
good agreement with data presented in Ref. 2.

The bulk magnetic properties were examined using a
SQUID magnetometer (Quantum Design MPMS-XL5). Zero-
field-cooled (ZFC) and field-cooled (FC) measurements of
the temperature dependence of the magnetic susceptibility
were performed in the external field of H=10 kOe, always
with increasing temperature (see Fig. 1). The distinct maxi-
mum observed at 7y=110 K in FC magnetization corre-
sponds to the antiferromagnetic ordering of the stoichio-
metric S-phase material. Additional magnetization which
appears below approximately 160 K has the ferromagnetic
character as can be seen from a large difference between FC
and ZFC susceptibilities. Following the already mentioned
conclusions presented in Refs. 2 and 3, we interpret this as
caused by inclusions of the L-phase material into the essen-
tially S-phase sample.

B. PAC with *Ru isotope

The measurements of y-y perturbed angular correlation
(PAC) were performed using *Rh— *’Ru decay (T},
=16 d). The required Rh was produced directly in the
Ca,Ru0, sample, containing the natural abundance of 99Ru,
by the *Ru(p,n)*’Rh reaction with 30 MeV protons in the
cyclotron of the Institute of Nuclear Physics in Krakéw. Fol-
lowing the irradiation, the sample was annealed to remove
radiation defects, and left for one week for short living iso-
topes to decay.

Two 7y-7y cascades: 528-89 keV and 353-89 keV, as
shown in Fig. 2, (with theoretical anisotropy A,=—15% and
—19%, respectively), were used. The first cascade allows to
avoid the background of the 307 keV line of '"'Rh(T},
=4.4 d), but after several weeks the second cascade gives
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FIG. 2. Partial decay scheme of PRh— Ru with transitions
used in PAC measurements.

better signal to noise ratio. The intermediate level of both
cascades has spin /=3/2 and T,,,=20.5 ns.

The measurement setup with four counters with BaF,
scintillator crystals was used to detect y radiation. Two of
them were 50 mm thick to ensure enough efficiency for high-
energy photons, two remaining for counting 89 keV photons
were 3 mm thick to reduce the background signal. It took
from 1 to 3 days to collect data for each individual PAC
spectrum.

C. Analysis of PAC spectra

The PAC spectra were analyzed using combined magnetic

and quadrupole hyperfine interaction Hamiltonian H, which
for a nuclear state of spin /, written in the system of principal
axes of the EFG tensor, has the form'?

~ A | P
H=- gl\,,u}\,th|:IZ cos 6+ §(I+e_’¢+ 1_¢'%)sin 9}

eQV,,

I? N,
+41(21-1)[3'z"(’+1)+2(1++1_)} (1)

In the above equation Hy; is the value of the hyperfine mag-
netic field, V,, denotes the principal component of the diago-
nalized EFG tensor, and #=(V,,—V,,)/V_, is the EFG asym-
metry parameter. The angles 8 and ¢ describe the direction
of I:Ihf with respect to the EFG principal axes system, 6 being

the angle between the z axis and ﬁhf. The H was diagonal-
ized numerically and the theoretical perturbation factor
R(1)=AS"G,,(1) was calculated using the general formula for
G,y(#) function for polycrystalline samples.!>!* If H,=0,
i.e., for pure quadrupole interaction, the R(¢) for I=3/2 re-
duces to simpler form

1 4 t ———
R(1) :A;ff[g + gcos(gzzv’l + 772/3)} . (2)

The values of w; =|gyuyHy/f|, and wy=|eQV_ /h| were fit-
ted and are used in this paper. The H;; and V, values can be
calculated using factors Igy=-0.284(6) and 9=0.23(1) b for
the 89 keV level of Ru.!3

There are several restrictions concerning the hyperfine pa-
rameters, which can be derived from PAC spectra. First, only
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FIG. 3. PAC spectra measured with “Ru in CayRuOy in the
paramagnetic region. The solid lines represent the least-squares fit

to the experimental points assuming two contributions of pure
quadrupole interaction.

the absolute values of V_, and Hy; can be determined using
v-y PAC. Then, for =0 the R(¢) function does not depend
on the ¢ angle. Finally, if H,;=0 and /=3/2, then w, and 7
cannot be determined independently, only the product
woV1+77/3 can be obtained.

III. EXPERIMENTAL RESULTS

The PAC measurements with Ca,RuO, were performed
from 23 to 520 K. Two spectra measured at high tempera-
tures are shown in Fig. 3, and sample spectra collected in the
magnetic phase are shown in Fig. 4.

To describe consistently all the spectra it was necessary to
assume that two components with different hyperfine param-
eters are present. The major component (denoted here as §)
has the weighting factor of 0.70(3), the second component L
has remaining 0.30(3) fraction. The correspondence between

Perturbation factor R(t)

Time (ns)

FIG. 4. PAC spectra measured with “Ru in Ca,RuQ, below and
just above Ty. The solid lines are fits with the perturbation function
for the combined quadrupole and magnetic-hyperfine interactions.
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TABLE 1. Hyperfine interaction parameters of “Ru in Ca,Ru0,.

T(K) Component Fraction wp(Mrad/s) * 7 ;(Mrad/s) ° Hy(kOe) O(deg)
23 S 0.70¢ 295(5) 0.05(0.1) 163(1) 180(4) 82(10)
175 S 0.70(3) 252(3) 0°¢
520 S 0.70¢ 84(8) 0°¢
23 L 0.30¢ 216(20) 0°¢ 134(10) 148(11) 45¢
175 L 0.30(3) 184(10) 0°¢
520 L 0.30¢ 52(12) 0°¢

Ywo=1eQV,./hl.
Pw, = |gnpnHne/ Bl.
“Parameter fixed during analysis.

L(S) components, and L(S) phases will be justified in the
next section.

The spectra at low temperatures are rich in features,
which allow us to determine precisely w; and w, for the
majority component. Besides, # can be determined as close
to 90° and 7 as close to zero. The obtained hyperfine param-
eters of selected spectra are gathered in Table I. During
analysis of the spectra taken above 78 K, # was fixed as 0.0,
and @€ as 90°. Finally, close to the magnetic transition tem-
perature 7y=110 K only w; of the majority component was
allowed to vary. The obtained temperature dependence of H;
calculated from w; is presented in Fig. 5 with solid dots. At
higher temperatures only the pure quadrupole interaction
R(?) is expected, so w; was fixed as zero, and only w, was
fitted. The temperature dependence of w,, is shown in Fig. 6.

The hyperfine parameters cannot be determined so pre-
cisely for the minority component L. To reduce the number
of free parameters we assumed #=45° and 7=0 in this case
(for arguments see the next section). This component shows
a magnetic transition at 150(10) K and the temperature de-
pendence of H,; and quadrupole interaction are marked with
open symbols in Figs. 5 and 6, respectively.

IV. DISCUSSION

The aim of this paper is to discuss a possible orbital or-
dering of the 4d Ru electric charges, more precisely, to dis-
tinguish between two theoretically justified types of orbital
ordering: FO and AFO. In the case of the Ru** ion with four
4d electrons in the low-spin state, three electrons occupy d,,,
dy,, and d, CEF levels with the same spin direction (Hund’s
rule), which gives spherically symmetric 4d electron charge
distribution. The orbital ordering is determined by the fourth
electron with the opposite spin direction, which has to oc-
cupy one of d;; levels, and leads to the charge distribution
asymmetry.

The orbital patterns for FO and AFO orderings are shown
in Fig. 7 as the charge distribution of the 4d electrons local-
ized at four adjacent Ru sites in the RuO, plane. These pat-
terns can be translated to the double occupation of the 7,,
sublevels by the fourth electron. In the FO ordering all Ru
ions show the double occupation of d,, levels, giving the
occupation of zero and two holes in the d,, and d,./d,, or-
bitals, respectively. In case of the AFO ordering at some Ru
sites the d,, or d,, orbitals are double occupied, which leads
to the average occupation 0.5 holes in d,, and 1.5 holes in
d,./d., orbitals.

At the next step, the relationship between experimentally
determined quadrupole interaction energy and the electronic
structure of ruthenium ions, as well as the relationship be-
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FIG. 5. Temperature dependence of the magnetic-hyperfine field
at the Ru site for two magnetic phases in Ca,RuQy. The dotted line
represent the magnetization calculated in the mean-field approxima-
tion with S=1; the solid line is and the fitted critical exponent
dependence (see text).
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FIG. 6. Temperature dependence of the quadrupole interaction
frequency for two components in “Ru PAC spectra in Cay,RuQy.
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FIG. 7. (a) The octahedral coordination of Ru by O  ions
in Ca,RuQy,. Despite the global orthorhombic symmetry, at low
temperatures the octahedron is only compressed along the z
axis and the local symmetry of the Ru-site is almost tetra-
gonal: d[Ru-0(2)]=1.972(2) A, d[Ru-0(1)]=2.018(2) A and
d[Ru-0O(1)]=2.015(2) A at 11 K3 O(2) and O(1) denote the apical
and in-plane oxygen ions. (b) Charge distribution within the d,,
orbital with EFG V;’ial components. (c) Orbital pattern for FO order-
ing. (d) Orbital pattern for AFO ordering.

tween the possible orbital ordering of ruthenium electrons in
Ca,RuQ, and the form of the expected PAC spectra have to
be considered.

The hyperfine interaction Hamiltonian (1) contains, re-
lated to the distribution of electron charges, EFG specified by
two parameters: V_, and 7. As a rule, the choice of the z axis
in the system of principal axes is done following the conven-
tion |V |=|V,|=|V,)|. In general, in insulating materials
there are two contributions to EFG: the lattice contribution
Vg?t caused by electric charges of surrounding ions and the
valence contribution V[Y;ﬂ caused by the charge distribution of
valence electrons. Both contributions disappear in the case of
a cubic symmetry.

In Ca,Ru0O, at low temperatures the nearest surrounding
of Ru ions is comprised of six O?~ ions arranged in a slightly
distorted, compressed along the z-axis octahedron [see Fig.
7(a)]. For this reason, a nonzero V}f?“ contribution is expected.
The system of principal axes of V' agrees with the (x,y,z)
system shown in the Fig. 7(a), with the principal Vlz‘;‘=2a
component parallel to the z axis. In addition, Vi{=V{\=—a.

As far as the valence contribution to the EFG is con-
cerned, it disappears when all d,,, d,., and d,, orbitals are
occupied by the same number of electrons. Therefore, for the
Ru** ion in the low-spin state, only the location of the fourth
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electron determines the valence contribution. In the case of
doubly occupied d,, orbital

4
V;l(dxy) = ;e(l —R)Yr ), =2b (3)

and

Vi) =Vyd,,) =-b, (4)

'y

where estimated (r~3),,~4.2 a.u. (Ref. 16) and the Sternhe-
imer factor R=—0.06."7 The total principal component of
EFG, denoted as V., in the following, amounts to
V.i.(dy)=2a+2b. An additional piece of information is
available when the magnetic hyperfine field is present. Be-
cause usually the direction of Hi; is close or parallel to the
direction of the ruthenium magnetic moment, which in
Ca,RuQ, is placed in the basal plane, parallel to the ortho-
rhombic b axis [Fig. 7(a)],* for doubly occupied d,, orbital
the PAC spectrum should be described with Hy; directed per-
pendicular to the Vs axis (6=90°).

In the case of the double occupation of either d,, or d,,
orbitals, the principal component of the valence EFG should
have the same magnitude as in the previous (d,,) case but in
the direction of x or y axes. The direction of the total V
depends in this case on relative magnitudes of the lattice and
the valence contributions. For much smaller lattice part in
comparison with the valence contribution V_,,=—a+2b and
points in x or y directions, so PAC spectra should be de-
scribed by §=45°. All above considerations are summarized
in Table II.

To justify the dominant valence contribution at low tem-
peratures in Ca,RuO,4 we have roughly estimated the a value
from the point charge model (pcm). We got w5t=(2a)eQ/ f
=—125 Mrad/s taking the crystal structure of Ca,RuQy, at 11
K.3 To take into account the proper value of the Sternheimer
factor 7., the deformation of neighbor ions from point
charges, and uncertainty of Q, pcm calculations were per-
formed also for other compounds built of RuOg octahedra.
Then the common scaling factor Q(1-7v,)=3.0 b was
adopted to achieve agreement in the following cases. In
RuSr,GdCu,04, where the experimentally determined by
NMR w,p=+51 Mrad/s (Ref. 18) can be treated as the lattice
contribution (Ru’*, 3d° state), the calculated value is
+48 Mrad/s. The second test is Ca,RuQy itself, but in the

TABLE II. Enumeration of possible EFGs for various kinds of orbital ordering in Ca,RuQy. The lattice
gradient V=24 is directed along the z axis. The valence gradient V}*'=2b for d,, orbital, but is rotated for

d., and d,, states.

Ordering State Ve Vi, V.. Vo2 6°

FO 4Xd,, -a-b -a-b 2a+2b 2a+2b 90°

AFO 2Xd,, -a-b -a-b 2a+2b 2a+2b 90°
1Xd,, —a+2b -a—-b 2a-b —a+2b =45°
1 Xd,, —a-b —a+2b 2a-b —a+2b =45°

4V, is the principal component of V;; and corresponds to V_ in the Hamiltonian (1). The choice here is

made assuming the dominant valence contribution.

b0 is the angle between the b axis on Fig. 7(a) and V_,_, direction. Taking into account the magnetic structure,
it corresponds to the # angle in the Hamiltonian (1). Detailed discussion of the 6 angle is given in the text.
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metallic phase above 400 K, where VVal is negligible due to
broadening and overlapping of d;; levels and due to the tem-
perature factor. The experimental value +85 Mrad/s agrees
with the calculated +84 Mrad/s.

The valence contribution w"al—(2b)eQ/ A=+860 Mrad/s
estimated using Eq. (3) is s1gn1ﬁcantly bigger than o, Ex-
perimental data from Table. I together with wQ gives wVQ‘ll
=+400 Mrad/s. An exact calculation of EFG would require
the accurate ab initio calculations,'*2° which would take into
account also the broadening and overlapping of d,; levels.
The last effect leads to reduction of the valence contribution.

We can finally postulate the following relationship be-
tween the possible orbital orderings in Ca,RuQO, and the ex-
perimental PAC spectra. In the case of the FO ordering,
where all Ru ions have doubly occupied d,, orbitals [Fig.
7(c)], only a single component with unique Hy; and V.., and
with 6=90° is expected in the spectrum. In the case of the
AFO ordering [Fig. 7(d)], one should observe two compo-
nents: the first characteristic for the situation with doubly
occupied d,, orbital described above, and the second with
rather different |V,../| (presumably also with different H,y)
and #=45°. It is important to notice that both components
should have exactly the same intensities.

The interpretation of our experimental results is compli-
cated by the fact that Ca,RuO, sample used in our investi-
gations is not pure and contains some inclusions of the oxy-
gen excess L phase in the stoichiometric S-phase material.
Since the L-phase has different lattice parameters and even
the oxygen octahedron has different shape being rather com-
pressed along one of the Ru-O(1) bonds in the basal plane’
one can expect that PAC spectra for both phases are differ-
ent. Therefore, even in the case of the FO ordering, we ex-
pect at least two components in the PAC spectra with inten-
sities reflecting the amount of the L-phase inclusions in the
stoichiometric Ca,RuQ;,.

The experimental PAC spectra can be very well repro-
duced with two components which show different magni-
tudes of the hyperfine parameters and different relative inten-
sities. Two components were ascribed to two different phases
present in our Ca,RuQO, sample and some justifying argu-
ments are given below. In our opinion, the majority compo-
nent with approximately 70% intensity should be ascribed to
the stoichiometric S phase Ca,RuO,4. The most important ar-
gument comes from the temperature dependence of Hiy,
which decreases to zero at =110 K, it means at Ty of the
stoichiometric compound (Fig. 5). This behavior of Hy; can
be directly observed in Fig. 4 by the comparison of the PAC
spectrum at 106 K which still shows the magnetic perturba-
tion with the completely different spectrum obtained at 119
K where the majority component shows only the quadrupole
interaction. The minority component with 30% intensity is
caused by the L-phase inclusions since PAC spectra between
110 and 150 K are much better reproduced when the
magnetic-hyperfine interaction is included in the analysis for
this component, in agreement with the results of the bulk
magnetic measurements. Because of the low intensity, the
inferred hyperfine parameters are not so well established
which is reflected by large error bars in Figs. 5 and 6. Since
the RuOg octahedron in the L-phase compound even at low
temperatures is compressed along one of Ru-O(1) bonds in
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the basal plane,® which should direct V., along either x or y
axes, the spectra with magnetic perturbations for the L com-
ponent were analyzed with constrained 6=45°.

From the above considerations we can conclude that for
the pure and stoichiometric Ca,RuQO, there is only the single
component in the PAC spectra in the whole range of tem-
peratures. At low temperatures where Hy; is present, the
analysis shows that #=90°, which points to the double oc-
cupation of d,, orbitals for each Ru ion. Therefore our PAC
measurements demonstrate that in Ca,RuQy, the d,, FO or-
dering is realized, in agreement with Refs. 9—11.

Figure 6 shows a very strong temperature dependence of
the quadrupole interaction below the insulator-metal transi-
tion (MIT) around Tyr=360 K.>!2 In transition metal com-
pounds such behavior is mostly caused by the temperature
variation in the occupation of CEF levels (in our case d,,,
dyz, and d, orbitals), since the lattice part of the EFG tensor
is almost temperature independent. The Boltzmann statistics
leads to the decrease in VZ;I with increasing temperature,
which is really observed experimentally. Usually such
mechanism allows to perform a quantitative analysis of this
temperature dependence with adjusted energies of CEF lev-
els and the constant lattice contribution. However, in
Ca,Ru0, the situation seems to be more complicated. There
is a very strong variation in lattice constants with tempera-
ture in the insulating phase, including the drastic changes
in the octahedral surrounding of Ru-ions (see Fig. 2 in
Ref. 21 where results of very detailed structural investiga-
tions are presented). Therefore, the assumptions about the
temperature-independent lattice contribution and energies of
CEF levels are not fulfilled.

The characteristic feature of the temperature dependence
of the quadrupole interaction in the insulating phase is
the smooth decrease in wy until the MIT is achieved. In
particular, one cannot detect any distinct anomaly of w,
around 250 K where a possibility of another phase transition
was suggested.'? Either the transition is not accompanied by
the variation in the electric charge distribution within the
ruthenium 4d shell or the changes are so small that they
cannot be detected by the observation of the quadrupole
interaction. One should also remark that no anomaly of the
lattice constants and no abrupt change in the shape of the
RuOg octahedra have been observed around this
temperature.>?!

Finally, we observe that the quadrupole interaction is con-
stant above the MIT temperature. This is the consequence of
the temperature-independent lattice parameters and lack of
the valence contribution above =360 K.

The hyperfine magnetic field saturates at |Hp(0)|
=180(10) kOe. Since nothing is known about the transferred
contribution to the hyperfine field H,, the detailed discussion
of the magnitude of the Hy; is not possible. Nevertheless,
independently of H,,. and the sign of H, the experimental
value is much reduced in comparison with the core polariza-
tion contribution H,.., which in transition metal compounds
usually dominates. For the Ru** ion this contribution can be
estimated taking into account the hyperfine coupling constant
Aeore = 300 kOe/ wp that gives the core contribution per un-
paired spin,'¢ and the calculated average spin for the Ru ions
in Ca,Ru04(S)=0.80 (Ref. 6) (the negative sign of a.y..
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means that the hyperfine field is antiparallel to the ruthenium
magnetic moment). Then the core polarization contribution
can be estimated as H_ . =2(S) ttpacore =—480 kOe. It seems
that the most important source of this reduction is the orbital
contribution given by the formula H; =2uz(r>),,(L). The
direction of H; is parallel to the ruthenium magnetic mo-
ment. The average value of the angular momentum for the
Ru** ion in the compressed RuOj octahedron was calculated
as (L)=0.68.° The prefactor 2ug(r~3),, was estimated as
=380 kOe/ up, taking into account calculated for Ru** the
value (r~3),,~4.2 a.u., with the reduction factor £é=3/4.1°
Therefore, the orbital contribution to the hyperfine magnetic
field can be deduced as equal H; =260 kOe. Because of the
opposite directions of H,. and H;, the second contribution
leads to decrease in the total |H,g. However one should keep
in mind that all these calculations are only very rough esti-
mates since the quoted averages (S) and (L) do not reproduce
the value of Ru magnetic moment w(Ru)=1.3up determined
by neutron diffraction.’

The temperature dependence of the hyperfine-magnetic
field (see Fig. 5) confirms the ordering of ruthenium mo-
ments in the stoichiometric Ca,RuO, below approximately
110 K. The figure shows also the simulated Hy(T) calculated
within the mean-field approximation for a system with S=1,
which is very far from the experimental points. A very steep
increase in Hy(T) just below the ordering temperature can be
well described using the formula H,(T)~ (1-T/Ty)? with
parameters 3=0.15(8) and Ty=109(1) K. The above param-
eters were obtained from the temperature range of 8% of Ty,
but the simulated curve drawn in the Fig. 5 extends to lower
temperatures. The estimated value of the critical exponent f3,
even with the large uncertainty caused by the small number
of experimental points, is much closer to 1/8 from the On-
sager’s solution for the square lattice Ising model, then to
B=5/16 predicted for a three-dimensional system.?> This
corresponds to the crystal structure of Ca,RuQ, that supports
strong exchange interactions within the RuO, planes and
only weak magnetic coupling between distant Ru ions along
the ¢ axis.
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V. SUMMARY

The paper describes experimental investigations of
Ca,Ru0, by “Ru PAC. The essential aim of this work was
to gain information about the possible orbital ordering of
Ru 4d electrons.

The polycrystalline material was prepared by the solid
state reaction and characterized by x-ray diffraction and bulk
magnetic measurements. It was found that in addition to the
stoichiometric S phase the sample contained also inclusions
of the unwanted, oxygen excess L-phase material. These in-
clusions were taken into account during the analysis of the
PAC spectra, where they appear as the independent compo-
nent. The PAC measurements were performed between 23
and 520 K and the hyperfine parameters were determined for
the stoichiometric Ca,RuO,. The most important conclusion
that was deduced concerns the orbital ordering of Ru 4d
electrons. The extended analysis of the relation between the
parameters of PAC spectra and possible orbital orderings,
together with the experimental results, point to the conclu-
sion that the d,, ferro-orbital ordering connected with the
double occupation of d,, orbitals at every Ru is realized in
the stoichiometric Ca,RuQ,. The strong temperature depen-
dence of the quadrupole interaction frequency w, below the
temperature of the metal-insulator transition was qualita-
tively discussed as being the result of the strong variation in
the occupation of d;; crystal field orbitals, additionally en-
hanced by the pronounced variation in the lattice parameters
with temperature. The temperature dependence of the hyper-
fine magnetic field was determined, with the saturation value
of Hy{(0)=180(10) kOe. The very steep increase in H,; di-
rectly below the ordering temperature reflects the two-
dimensional character of the magnetic ordering in Ca,RuQ,.
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