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Temperature and pressure effects on the crystal structure of SRu,O4:
Evidence for electronically driven structural responses
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The crystal structure of the ruthenate;n,0; as a function of temperatur€6—305 K and pressure
(ambient—0.62 GPawas studied by neutron diffraction. Upon cooling, the lattice paranteded the rotation
angle of the oxygen octahedgaincrease for 305 Kk T>50 K, and decrease for 20KT>5 K. As pressure is
applied at room temperature, the outer apical Ru-O bond expands. This remarkable behavior is discussed in
terms of modification of the occupation of energy levels of thé'Ran in the crystalline electric field of the
oxygen octahedron and a crossover to Fermi-liquid behavior at low temperature. The very anisotropic thermal
expansion leads, in sintered powder samples, to a high degree of strain, which is relieved somewhat with each
cooling cycle.

INTRODUCTION showed weak ferromagnetispp.(2 K)~0.07ug /Ru] along
the c axis with an ordering temperature of70 K.’

The transport and magnetic properties as well as the crys- The crystal structure of Ru,O, (Fig. 1) is a distorted
tal structure of the ruthenate Ru,0; have been the subject n=2 Ruddelsden-PoppéRP) typel? The (undistorted RP
of several studies in the last few years! These studies structure consists of bilayergonsisting of bioctahedra of
used samples prepared by one of three methGsSolid-  oxygen ion$, separated by rocksalt layefsonsisting of bi-
state reaction of powders*>® (i) Flux (F) growth of  planes of Sr@ In SERWO; the network of octahedra are
single crystal$;'* and (iii) traveling solvent floating-zone under compression in the equatorial planes leading to buck-
(FZ) growth of single crystals using an image furnd¢@he |ing of the shared oxygefD(3)] apexes which is accommo-
compound was found to be a métaP’and a paramagnet at dated by cooperative rotation of the octahedra aboutcthe
room temperaturéRT), with pes~2.5—3.Qug/Ru.">'Mea-  axis (Fig. 1).2° These rotations lead to a reduction in sym-
surements of the electrical resistivigfT) of powders show metry from the tetragonal space grééip4A/mmm(No. 139
a notable decrease jnwith decreasing temperatuffebegin-  of the undistorted RP type to the orthorhombic space-group
ning at about~20 K FZ single crystals are highly aniso- Bhch (No. 68 with a pseudotetragonah-b) unit cell, as
tropic (p¢c>pap), and upon decreasing, p. and p,, show  was recently determined by neutron powder diffraction.
remarkable decreases beginning at about 50 and 20 K, re- The high anisotropy in the electrical resistivity of
spectively, followed by a crossover to Fermi-liquid-like be- S;Ru,0; is well understood in view of the layered character
havior (p=AT?) below ~10 K.” Magnetic susceptibility —of the crystal structure. The RT magnetic momeny
x(T) measurements of powdérsand of FZ single crystals  ~2.5-3.Qug/Ru, measured in powdérd® and single
show a peak at-20 K. FZ single crystals, do not show any crystalé'’ corresponds to Rii(4d*) in a low-spin state in
remnant magnetization down to 2 'KE single crystals did thetj, multiplet of the octahedral crystal field. However, the
not show the 20 K peak, but were reported to exhibit a tranubiquitous(except forF crystals phase-transition-like 20 K
sition to ferromagnetism at 104 K, and a remnant magnetipeak in y(T) with the accompanying changes #{T) are
zation of 1.3.5/Ru at 5 K* No evidence for magnetic or- still a mystery. The distinct difference in the magnetic prop-
dering at 20 K or 104 K was found in specific-heat erties of the powders and FZ single crysté?® K peak on
measurementor in neutron-diffraction measuremer@& 9 one hand, and the flux-grown single crystdferromag-
and 25 K° of powder samples. A magnetization study of thenetism at 104 K on the other hand, is also not understood.
FZ single crystals under hydrostatic pressure of 1 GPaVe do, however, make the important observation that pow-
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several scattering angles. The data in the backscattering
(26~145°) detector bank, which gives the highest resolu-
tion, were used in the analydisee below. For the pressure-
dependent study the sample was loaded into a helium pres-
sure celt® which is mounted on a closed-cycle refrigerator.
Pressure was varied between ambient and 0.62 GPa at 300
and 66 K and the data collected only in the 90° detector
bank.

The data were analyzed by the Rietveld technique, using
the Gsas code!® A careful examination of the neutron-
diffraction data at all temperatures and pressures did not re-
veal any change in symmetry. The room temperatiR’)
crystal structure as previously determin@dyelongs to the
space-grouBbcb (No. 68 with four molecules in a unit
cell (Fig. 1). This space group allows for rotation of the
oxygen octahedrdFig. 1) and was used throughout the
analyses of the data at all temperatures and pressures. We
also included in the analysis a degree of disorder which was
introduced as a rotation in the opposite directifian-
tiphase,” see Ref. )0 which refined to a fraction of-5%.

In the high-resolution data, ¢h0 0 10reflection appeared
asymmetrically broadened toward the smatlespacing in a
way that we were unable to account for with the profile func-
tions in GSAs This is consistent with a sample strained by
stacking faultsi\which are related to the “antiphase” disor-
den, or by chemical inhomogeneity at the surface of crystal-
lite (due to the high vapor pressure of Ru during synthesis
Fortunately, the asymmetrical broadening did not signifi-
cantly degrade the structure refinements.
ratio of the ionic radii of Rucenter of octahedrorio Sr(spheres  smg|| at all temperatures. Thus, it is instructive to consider
plgces the Ru@®) planes under compression. To re!leve some Ofthe pseudotetragonal lattice parametdm)=(a+b)/2,
this pressure, the crystal structure responds by rotatamews of -\ hich s shown in Fig. 2 together with the refined lattice
the octahedra around tlusaxis. parameters, and the resulting unit-cell volumé, as a func-

ders and FZ crystals have the same electrical and magnetﬁ'é)n of temperature. The near-zero orthorhombic straii, 2(

properties, whereal crystals are reported to have different ~a)/(b+a), is shown as a function of temperature in Fig. 3.
properties. In the pressure experiment, neutron data were collected at

in the present paper we report the reuls of 2 careni® % fereeto b Wi nas oner esauton an e
neutron-diffraction study of the crystal structure of a powder 9 Y

sample of SRW,O; as a function of temperature and pres- parametersa=b, was used in the analysis.

sure. The objective of this study, was to obtain detailed tem-

perature and pressure dependences of the crystal structure, in RESULTS

a search of features relating to the remarkable behavigr of

and y as a function of temperature and of the magnetization There are four notable features in the temperature depen-

as a function of temperature, pressure, and magnetic fieldlence of the lattice parameter$) Contraction of(a) and

Neutron diffraction was chosen because of its high sensitivExpansion ot as temperature is decreasédg. 2. (i) Be-

ity to subtle changes in the crystal structure, especially thos®w ~20 K, ¢ changes from expansion to contraction with

involving the positions of the oxygen atoms in the crystaldecreasing (Fig. 2). (iii) Below 50 K, the small orthorhom-

structure. bic strain decreases and becomes negdfig 3. (iv) In the
course of data collection, the sample underwent three cooling

EXPERIMENT AND ANALYSIS cycles(one pressure experiment and two temperature experi-
mentg, lasting 2—3 days each. We observed at the end of
A polycrystalline sample of Ru,O; was prepared by a each cooling cycle thata) decreased slightly while in-

conventional method of solid-state reaction as describedreased slightl{compared to the preceding cygleotably

previously!® The neutron-diffraction data were collected by affecting thec/(a) ratio (Fig. 4).

the time-of-flight technique using the special environment The Ru-d1) (inner apical bond lengtHFig. 5a)] and the

powder diffractometéf (SEPD at the intense pulsed neu- Ru-O(2) (outer apical bond lengtH Fig. 5b)] increase with

tron source(IPNS). The sample mass was 5.0 g. For thedecreasing temperature with a change in slope- &0 K.

temperature-dependent study the sample was mounted the Ru-Q3) (equatorial bond length[Fig. 5(c)] decreases

closed-cycle refrigerator. The temperature was varied beaearly linearly with decreasing temperature. As temperature

tween 5 and 305 K and the data collected in detector banks & decreased, the rotation angée(which accommodates for
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FIG. 5. The refined Ru-O bond lengths as a function of tempera-
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and (c) the equatorial, Ru-@). The Ru-@3) bond length is con-

FIG. 3. The refined orthorhombic strain,®&¢b)/(a+b), as a
function of temperature.

siderably shorter than the unstrained value of 2.00RAf. 17, and
is under compression.
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i 1 ~2.8ug (S=1),2%it is deduced that, at RT, the Ruion
{} ] (4d*) occupies the low-spin state},,eJ. With the symme-
try of the elongated~3.4% octahedron in SRu,0-, d;fz
) | anddy, (or d, andd},) have lowest energy withy, at the
s L b b b b 1] next energy level. The separation df, from the lowest

0 50 100 150 200 250 300 energy level is proportional to the elongation.

Temperature (K) Qualitatively (and naively, it can be argued that as this

# % %Hﬁ% % % % % % % % % values at ambient pressure.

2.25

Thickness of rock-salt-layer (A)

energy separation increases and becomes comparable to the

FIG. 6. The refined values of tha@) Rotation anglep, (b) thick-
ness of the bilayer, an¢c) thickness of the rocksalt layer, as a

. 2.06 DL L P L L L L L L
function of temperature. = 1 86K
~ i
parameters, no anomalous behavibke that of c(T) or §a . E}X(;\\U ]
¢(T)] is detected at low temperature. The refined value of o 205 - .
the thermal parameter for the outer apical oxygen % I ]
Usd O(2)]~0.014(1) 2, is temperature independent, sug- < )/
gesting that some static displacements may be present. How- 8 004 L " ]
ever, attempts to model this unusual behavior with disorder 2 L ¥ 300K @ 1
in the Q2) site, were unsuccessful. RN
The hydrostatic pressure on the sample in the pressure 7.9 - - ‘ .
cell was varied between ambient and 0.62 GPa. It was found - 66 K % ]
that in this pressure range all crystal parameters changed = 78 1 | | [ 4 ]
linearly with pressure[see lattice parametergFig. 7), L ﬂf T T ]
Ru-O(2) bond length and the rotation angleig. 8]. Com- s 77 ]
pressibilities of crystal parameters were calculated from a 5 69 F
linear fit to their refined experimental values versus pressure T ]
(Table D D? 6.8 P 1
300K ]
6.7 () ]

DISCUSSION 00 01 02 03 04 05 06

We propose that the anomalous behaviorc6T) and Pressure GPa

¢(T) is driven by changes in the electronic structure associ- FIG. 8. The refined values of th@) outer apical bond length
ated with the electronic state of the Ru ion. From the ob-Ru-Q(2), and(b) rotation anglep as a function of pressure at 300
served value of the RT effective magnetic moment;  and 66 K.
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TABLE |. Selected compressibilitieg, , bulk modulusB, and compression anisotropy of the crystal
lattice x./ k5, Obtained from linear fits to the refined parameters gR8;0;. Compressibility for parameter
L(P), «_, is defined as—(dL/dP)/L(0) (whereP is the pressufe Results for SSRuQ, (Ref. 18 are
presented for comparison.

SrsRU207 SrzRUO4

Property Units 300 K 66 K 300 K 60 K

Ka 103 GPat 2.441) 2.433) 2.246) 2.12(2)

Ke 10 3GPat 1.682) 1.901) 2.562) 2.49(1)

Keja 10 3GPat 0.735) 0.545) 0.323) 0.37(2)

K, 10 3GPat 6.553) 6.766) 7.024) 6.72(6)

KRu-01 10 3GPa? 5(2) 1(5)

KRu-02 10 2 GPa? —5(2) 4(4) 1.9 (7) 2.91.4)

KRu-03 10 3GPa? 2.2 (1) 2.4 (1) 2.242) 2.12(2)

B GPa 1581) 147(1) 1421) 14912)

kel Ky 0.7891) 0.691) 1.143) 1.17(4)
energy required to pair two electronsdi, (or d,,), it will effect fails and, as foc(T), a different explanation must be

lead toS=0 (and consequently.z~0). This is indeed ob- provided.

served in SRuQ,, where, throughout the temperature range  In this temperature regiofr-20 K), a remarkable peak in
15 K to RT, elongation is 6.8%Ref. 18 and u4~0 (close  x(T) and a sharp drop ip(T) were observed, upon cooling,
to a Pauli paramagnet® In SrRuQ, on the other hand, I powders® and FZ crystalé. It was suggested that these
where distortion of the oxygen octahedron is sridlis the €ffects are associated with a crossover to a Fermi-liquid
temperature is lowered, the magnetic moment prevails angfound staté. The anomalous decrease ¢(T) and conse-
ferromagnetic order sets in at 160%Kin SpRW,O;, upon  duently inV(T), upon cooling below 20 K, signals the emer-
cooling, the elongation increases from 3.4% at RT, wherd€NCe of a new electron-lat'qce interaction leading to a large
poii~2.8ug/RU), 10 4.2% at 15 K whereues is much (for low T) thermal expansion coeﬁ_lc!enﬁ. In f-elect_ron
smaller (magnetizationM <0.25u/Ru at 5 K and 5 J.¢ compounds, it was shown that Ferml-llql_[Iubavy fermlons.
Thus, the modificatiorimentioned abovein the occupancy (HF)] systems at low temperatures, are indeed characterized

) . ; by a largeB and an unusually large electronic Gruneisen
of the d orbitals provides an explanation for the enormous Co s
reduction inu¢ upon cooling. It is the contraction of the parameter[ (25 to 150, which is given by”
lattice p_aramete(a}, which drives this modification in the Lo(T)=VB(T)/ kCy(T) (1)
occupation of the orbitals in thig, multiplet, in such a way
that the octahedra elongate an@éxpands upon cooling. At Where V., B, «, and C. are the molar volume, volume
about 60 K there is a noticeable slowing in the raten-  thermal-expansion coefficient, volume compressibility, and
creases with cooling, and at 20 K starts to decrease with €lectronic specific heat, respectively. By substitutivig,
cooling. Here the occupancy modification mechanism fails=9-3X 10~>m*¥mol Ru (Fig. 2), B(7 K)=1.6xX10 °K™*
indicating the emergence of a new mechanism, most likelfTable 1), x=6.6x10"*?Pa* (Table ), and Ce(7 K)
due to a new electronic state. =0.6J/mol RU/K(REf 5) into Eq (1), we Obtainre(7 K)
The effect of pressure is more Comp|ex_ Whecontracts =38. This hlgh Value, is indeed characteristic of a Fermi-
under pressure, does not expand:ig_ 7) as one may expect ||qU|d system. A similar behavior was recently observed in
based on the occupancy modification mechanism. Howevek!V 204 which showed a decrease M(T) upon cooling, at
the c-axis compressibility is considerably smaller than that of T<<20K, where a crossover from local moment to heavy
SKLRUG, (Table |) consistent with occupation modification fermion behavior takes pIa@éA similar calculation in
mechanism. The outer apical bofifu-O2)] does expand LiV 20, yieldedI'¢(7 K)~25.
with pressure increas@ig. 8 as predicted by this mecha- ~ Another potentially important finding of the present work
nism. Moreover, at 66 K it contract§ig. 8 with increasing IS illustrated in Fig. 4. With each cooling cycle, the sample
pressure, signaling the weakening effect of the occupancgoes through a “strain hysterisis loop” from which it comes
modification mechanism at this temperature as observed in _ o
c(T). TABLE II._ _Thermal-(;xpansu_)n coefﬂme_nts, Ba
The increase in the rotation angle(T), upon cooling =(1/A) dA/dT, in units of 10 °/K, estimated from Fig. 1 at RT
can be explained as an ion size effect. Namely, as the sgndat7K.
verely compressed Ru{@) bond length(Fig. 5) further con-

. S . Coefficient RT 7K
tracts upon cooling, part of the compression is relieved by an
increase inp. However, as the sample is further cooled be- g, 2.2(1) 0.0(2)
low 80 K, the increase ip(T) slows down and changes into g, -1.4(1) 0.18(4)
a decrease below 30 K. At the same time R@)@ontinues B=8, 3.2(5) 0.16(6)

to contract almost linearly with cooling. Here, the ion size
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TABLE lll. c/(a) values reported for samples of flux grown SrRu,0; would likely require a highec/(a) and is there-
(F) single crystals, powders, and traveling solvent floating-zonefore ruled out.
(F2) single crystals.

. CONCLUSION
Preparation cl/{a) Ref.
Above 50 K, the ruthenate §Ru,O; exhibits expansion
F crystals 3.716 4 of ¢, and of the bilayer thickness upon cooling, and at RT,
3.735 11 the outer apical bond length expands under the application of
Powders 3.766 9 pressure. This behavior, is explained in terms of a mecha-
3.768 10 nism where a modification in the occupation of the energy
FZ crystals 3.771 7

levels int,, occurs as the oxygen octahedra elongate upon
cooling. At these temperaturgs) decreases upon cooling
causinge to increases due to an ion size effect. Below 20 K,
bothc and¢ decrease upon cooling. This unusual behavior is
explained in terms of a crossover to Fermi-liquid behavior as
evidenced by previous transport measureméfiise sample

of the present study exhibited strain, characterized by the
r\'/aluec/(a>. Each cooling cycle partially relieves this strain,
increasingc/(a). It is shown that F crystals, powders, and
tFZ crystals have characteristi¢{a) (published values.

out less strained and with a slightly shor{ay and a slightly
longer ¢, leading to a largec/(a). This is a result of the
opposite signs of the linear compressibilitiesand ., and
of the strained state of the sample. This explanation is co
sistent with the following two factsi) The FZ crystals, are
probably strain free and have the highe&ta) value(Table
[l1). (i) The powder sample of Ref. 9 was quenched out o
the furnace, it is more strained and has a loe/a) value,
than the sample used in the present work which was slowly
cooled® As for the cause of the strained state, we can specu- This work was supported by the National Science Foun-
late that it could be due to one or any combination of thedation, Office of Science and Technology Centers, under
following effects: (i) Stacking faults,(ii) Grain surface Grant No. DMR 91-2000QH.S. and O.Q.and the U.S. De-
chemical inhomogeneityiiii) Grain interaction stresses in partment of Energy, Office of Science, under Contract No.
the sintered powder sample. The very lolga) value of the = W-31-109-ENG-38(J.D.J. and the operation of IPNSby

flux grown single crystal is more likely due to a slight dif- Ben-Gurion University of the NegeyH.S), and by the
ference in stoichiometry. Chlorine substitution for oxygen inARPA/ONR at NIU(O.C)).
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