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Temperature and pressure effects on the crystal structure of Sr3Ru2O7:
Evidence for electronically driven structural responses
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The crystal structure of the ruthenate Sr3Ru2O7 as a function of temperature~5–305 K! and pressure
~ambient20.62 GPa! was studied by neutron diffraction. Upon cooling, the lattice parameterc and the rotation
angle of the oxygen octahedraw increase for 305 K.T.50 K, and decrease for 20 K.T.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 the Ru41 ion 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.
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INTRODUCTION

The transport and magnetic properties as well as the c
tal structure of the ruthenate Sr3Ru2O7 have been the subjec
of several studies in the last few years.1–11 These studies
used samples prepared by one of three methods:~i! Solid-
state reaction of powders1–3,5,8–10 ~ii ! Flux ~F! growth of
single crystals,4,11 and ~iii ! traveling solvent floating-zone
~FZ! growth of single crystals using an image furnace.6,7 The
compound was found to be a metal1,4,5,7and a paramagnet a
room temperature~RT!, with peff;2.5– 3.0mB /Ru.1–5,7Mea-
surements of the electrical resistivityr(T) of powders show
a notable decrease inr with decreasing temperatureT begin-
ning at about;20 K.5 FZ single crystals are highly aniso
tropic (rc@rab), and upon decreasingT, rc and rab show
remarkable decreases beginning at about 50 and 20 K
spectively, followed by a crossover to Fermi-liquid-like b
havior (r5AT2) below ;10 K.7 Magnetic susceptibility
x(T) measurements of powders1,5 and of FZ single crystals7

show a peak at;20 K. FZ single crystals, do not show an
remnant magnetization down to 2 K.7 F single crystals did
not show the 20 K peak, but were reported to exhibit a tr
sition to ferromagnetism at 104 K, and a remnant magn
zation of 1.3mB /Ru at 5 K.4 No evidence for magnetic or
dering at 20 K or 104 K was found in specific-he
measurements5 or in neutron-diffraction measurements~at 9
and 25 K!9 of powder samples. A magnetization study of t
FZ single crystals under hydrostatic pressure of 1 G
PRB 620163-1829/2000/62~13!/8725~6!/$15.00
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showed weak ferromagnetism@m(2 K);0.07mB /Ru# along
the c axis with an ordering temperature of;70 K.7

The crystal structure of Sr3Ru2O7 ~Fig. 1! is a distorted
n52 Ruddelsden-Popper~RP! type.12 The ~undistorted! RP
structure consists of bilayers~consisting of bioctahedra o
oxygen ions!, separated by rocksalt layers~consisting of bi-
planes of SrO!. In Sr3Ru2O7 the network of octahedra ar
under compression in the equatorial planes leading to bu
ling of the shared oxygen@O~3!# apexes which is accommo
dated by cooperative rotation of the octahedra about thc
axis ~Fig. 1!.8,10 These rotations lead to a reduction in sym
metry from the tetragonal space group13 I4/mmm~No. 139!
of the undistorted RP type to the orthorhombic space-gr
Bbcb ~No. 68! with a pseudotetragonal (a;b) unit cell, as
was recently determined by neutron powder diffraction.10

The high anisotropy in the electrical resistivity o
Sr3Ru2O7 is well understood in view of the layered charact
of the crystal structure. The RT magnetic momentpeff
;2.5– 3.0mB /Ru, measured in powders1,2,5 and single
crystals4,7 corresponds to Ru41(4d4) in a low-spin state in
the t2g

4 multiplet of the octahedral crystal field. However, th
ubiquitous~except forF crystals! phase-transition-like 20 K
peak inx(T) with the accompanying changes inr(T) are
still a mystery. The distinct difference in the magnetic pro
erties of the powders and FZ single crystals~20 K peak! on
one hand, and the flux-grown single crystals~ferromag-
netism at 104 K! on the other hand, is also not understoo
We do, however, make the important observation that po
8725 ©2000 The American Physical Society
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8726 PRB 62H. SHAKED et al.
ders and FZ crystals have the same electrical and mag
properties, whereasF crystals are reported to have differe
properties.

In the present paper we report the results of a car
neutron-diffraction study of the crystal structure of a powd
sample of Sr3Ru2O7 as a function of temperature and pre
sure. The objective of this study, was to obtain detailed te
perature and pressure dependences of the crystal structu
a search of features relating to the remarkable behaviorr
andx as a function of temperature and of the magnetizat
as a function of temperature, pressure, and magnetic fi
Neutron diffraction was chosen because of its high sens
ity to subtle changes in the crystal structure, especially th
involving the positions of the oxygen atoms in the crys
structure.

EXPERIMENT AND ANALYSIS

A polycrystalline sample of Sr3Ru2O7 was prepared by a
conventional method of solid-state reaction as descri
previously.10 The neutron-diffraction data were collected b
the time-of-flight technique using the special environm
powder diffractometer14 ~SEPD! at the intense pulsed neu
tron source~IPNS!. The sample mass was 5.0 g. For t
temperature-dependent study the sample was mounte
closed-cycle refrigerator. The temperature was varied
tween 5 and 305 K and the data collected in detector bank

FIG. 1. The bilayered crystal structure of Sr3Ru2O7. The large
ratio of the ionic radii of Ru~center of octahedron! to Sr ~spheres!
places the RuO~3! planes under compression. To relieve some
this pressure, the crystal structure responds by rotations~arrows! of
the octahedra around thec axis.
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several scattering angles. The data in the backscatte
(2u;145°) detector bank, which gives the highest reso
tion, were used in the analysis~see below!. For the pressure-
dependent study the sample was loaded into a helium p
sure cell15 which is mounted on a closed-cycle refrigerato
Pressure was varied between ambient and 0.62 GPa at
and 66 K and the data collected only in the 90° detec
bank.

The data were analyzed by the Rietveld technique, us
the GSAS code.16 A careful examination of the neutron
diffraction data at all temperatures and pressures did no
veal any change in symmetry. The room temperature~RT!
crystal structure as previously determined,10 belongs to the
space-groupBbcb ~No. 68!13 with four molecules in a unit
cell ~Fig. 1!. This space group allows for rotation of th
oxygen octahedra~Fig. 1! and was used throughout th
analyses of the data at all temperatures and pressures
also included in the analysis a degree of disorder which w
introduced as a rotation in the opposite direction~‘‘an-
tiphase,’’ see Ref. 10!, which refined to a fraction of;5%.

In the high-resolution data, the 0 0 10reflection appeared
asymmetrically broadened toward the smallerd spacing in a
way that we were unable to account for with the profile fun
tions in GSAS. This is consistent with a sample strained
stacking faults~which are related to the ‘‘antiphase’’ disor
der!, or by chemical inhomogeneity at the surface of cryst
lite ~due to the high vapor pressure of Ru during synthes!.
Fortunately, the asymmetrical broadening did not sign
cantly degrade the structure refinements.

The refined orthorhombic strain, 2(b2a)/(b1a), is very
small at all temperatures. Thus, it is instructive to consi
the pseudotetragonal lattice parameter,^a&5(a1b)/2,
which is shown in Fig. 2 together with the refined lattic
parametersc, and the resulting unit-cell volumeV, as a func-
tion of temperature. The near-zero orthorhombic strain, 2b
2a)/(b1a), is shown as a function of temperature in Fig.

In the pressure experiment, neutron data were collecte
the 90° detector bank, which has lower resolution than
backscattering bank and a tetragonal constraint of the la
parameters,a5b, was used in the analysis.

RESULTS

There are four notable features in the temperature dep
dence of the lattice parameters.~i! Contraction of^a& and
expansion ofc as temperature is decreased~Fig. 2!. ~ii ! Be-
low ;20 K, c changes from expansion to contraction wi
decreasingT ~Fig. 2!. ~iii ! Below 50 K, the small orthorhom-
bic strain decreases and becomes negative~Fig. 3!. ~iv! In the
course of data collection, the sample underwent three coo
cycles~one pressure experiment and two temperature exp
ments!, lasting 2–3 days each. We observed at the end
each cooling cycle that̂a& decreased slightly whilec in-
creased slightly~compared to the preceding cycle!, notably
affecting thec/^a& ratio ~Fig. 4!.

The Ru-O~1! ~inner apical! bond length@Fig. 5~a!# and the
Ru-O~2! ~outer apical! bond length@Fig. 5~b!# increase with
decreasing temperature with a change in slope at;100 K.
The Ru-O~3! ~equatorial! bond length@Fig. 5~c!# decreases
nearly linearly with decreasing temperature. As temperat
is decreased, the rotation angle,w „which accommodates fo
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the decreasing equatorial@Ru-O~3!# bond length…, increases
as expected@Fig. 6~a!#. However, below 100 K the slop
gradually decreases@Fig. 6~a!#, and below 30 K,w decreases
as the temperature is further decreased@Fig. 6~a!, inset#. The
bilayer thickness increases, and the rocksalt layer thickn

FIG. 2. The refined values of~a! the pseudotetragonal lattic
parameter̂a&5(a1b)/2, ~b! lattice parameterc, and~c! the result-
ing unit-cell volumeV, as a function of temperature.

FIG. 3. The refined orthorhombic strain, 2(a2b)/(a1b), as a
function of temperature.
ss

very slightly decreases as the temperature is decreased@Figs.
6~b! and 6~c!#.

The thermal parameters decrease as temperature is
creased„exceptU33@O~2!# see below…, flattening off at low
temperature~similar to lattice parameter̂a&!. Within the
relatively large experimental uncertainty in the value of the

FIG. 4. The ratioc/^a& as a function of the number of th
preceding cooling cycles.

FIG. 5. The refined Ru-O bond lengths as a function of tempe
ture: ~a! the inner apical, Ru-O~1!; ~b! the outer apical, Ru-O~2!;
and ~c! the equatorial, Ru-O~3!. The Ru-O~3! bond length is con-
siderably shorter than the unstrained value of 2.02 Å~Ref. 17!, and
is under compression.
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parameters, no anomalous behavior@like that of c(T) or
w(T)# is detected at low temperature. The refined value
the thermal parameter for the outer apical oxyg
U33@O~2!#;0.014(1) Å2, is temperature independent, su
gesting that some static displacements may be present. H
ever, attempts to model this unusual behavior with disor
in the O~2! site, were unsuccessful.

The hydrostatic pressure on the sample in the pres
cell was varied between ambient and 0.62 GPa. It was fo
that in this pressure range all crystal parameters chan
linearly with pressure@see lattice parameters~Fig. 7!,
Ru-O~2! bond length and the rotation angle~Fig. 8!#. Com-
pressibilities of crystal parameters were calculated from
linear fit to their refined experimental values versus press
~Table I!.

DISCUSSION

We propose that the anomalous behavior ofc(T) and
w(T) is driven by changes in the electronic structure ass
ated with the electronic state of the Ru ion. From the o
served value of the RT effective magnetic moment,meff

FIG. 6. The refined values of the~a! Rotation anglew, ~b! thick-
ness of the bilayer, and~c! thickness of the rocksalt layer, as
function of temperature.
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;2.8mB (S51),1,3 it is deduced that, at RT, the Ru41 ion
(4d4) occupies the low-spin state,t2g

4 ,eg
0. With the symme-

try of the elongated~;3.4%! octahedron in Sr3Ru2O7, dxz
2

anddyz
1 ~or dxz

1 anddyz
2 ) have lowest energy withdxy

1 at the
next energy level. The separation ofdxy from the lowest
energy level is proportional to the elongation.

Qualitatively ~and naively!, it can be argued that as thi
energy separation increases and becomes comparable t

FIG. 7. The refined lattice parameters as a function of press
at 300 and 66 K,~a! a/a0 and~b! c/c0 . a0 andc0 are the refined
values at ambient pressure.

FIG. 8. The refined values of the~a! outer apical bond length
Ru-O~2!, and~b! rotation anglew as a function of pressure at 30
and 66 K.
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TABLE I. Selected compressibilitieskL , bulk modulusB, and compression anisotropy of the cryst
latticekc /ka , obtained from linear fits to the refined parameters of Sr3Ru2O7. Compressibility for paramete
L(P), kL , is defined as2(dL/dP)/L(0) ~where P is the pressure!. Results for Sr2RuO4 ~Ref. 18! are
presented for comparison.

Property Units

Sr3Ru2O7 Sr2RuO4

300 K 66 K 300 K 60 K

ka 1023 GPa21 2.44~1! 2.43~3! 2.24~6! 2.12~2!

kc 1023 GPa21 1.68~2! 1.90~1! 2.56~2! 2.49~1!

kc/a 1023 GPa21 0.73~5! 0.54~5! 0.32~3! 0.37~2!

kv 1023 GPa21 6.55~3! 6.76~6! 7.02~4! 6.72~6!

kRu-O1 1023 GPa21 5~2! 1~5!

kRu-O2 1023 GPa21 25~2! 4~4! 1.9 ~7! 2.9~1.4!
kRu-O3 1023 GPa21 2.2 ~1! 2.4 ~1! 2.24~2! 2.12~2!

B GPa 153~1! 147~1! 142~1! 149~2!

kc /ka 0.78~1! 0.69~1! 1.14~3! 1.17~4!
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energy required to pair two electrons indyz ~or dxz), it will
lead toS50 ~and consequentlymeff;0). This is indeed ob-
served in Sr2RuO4, where, throughout the temperature ran
15 K to RT, elongation is 6.8%~Ref. 18! andmeff;0 ~close
to a Pauli paramagnet!.19 In SrRuO3, on the other hand
where distortion of the oxygen octahedron is small,20 as the
temperature is lowered, the magnetic moment prevails
ferromagnetic order sets in at 160 K.21 In Sr3Ru2O7, upon
cooling, the elongation increases from 3.4% at RT, wh
meff;2.8mB /Ru), to 4.2 % at 15 K wheremeff is much
smaller ~magnetizationM,0.25mB /Ru at 5 K and 5 T!.6

Thus, the modification~mentioned above! in the occupancy
of the d orbitals provides an explanation for the enormo
reduction inmeff upon cooling. It is the contraction of th
lattice parameter̂a&, which drives this modification in the
occupation of the orbitals in thet2g multiplet, in such a way
that the octahedra elongate andc expands upon cooling. A
about 60 K there is a noticeable slowing in the ratec in-
creases with cooling, and at 20 K,c starts to decrease wit
cooling. Here the occupancy modification mechanism fa
indicating the emergence of a new mechanism, most lik
due to a new electronic state.

The effect of pressure is more complex. Whena contracts
under pressure,c does not expand~Fig. 7! as one may expec
based on the occupancy modification mechanism. Howe
thec-axis compressibility is considerably smaller than that
Sr2RuO4 ~Table I! consistent with occupation modificatio
mechanism. The outer apical bond@Ru-O~2!# does expand
with pressure increase~Fig. 8! as predicted by this mecha
nism. Moreover, at 66 K it contracts~Fig. 8! with increasing
pressure, signaling the weakening effect of the occupa
modification mechanism at this temperature as observe
c(T).

The increase in the rotation angle,w(T), upon cooling
can be explained as an ion size effect. Namely, as the
verely compressed Ru-O~3! bond length~Fig. 5! further con-
tracts upon cooling, part of the compression is relieved by
increase inw. However, as the sample is further cooled b
low 80 K, the increase inw(T) slows down and changes int
a decrease below 30 K. At the same time Ru-O~3! continues
to contract almost linearly with cooling. Here, the ion si
d
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,
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r,
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effect fails and, as forc(T), a different explanation must b
provided.

In this temperature region~;20 K!, a remarkable peak in
x(T) and a sharp drop inr(T) were observed, upon cooling
in powders1,5 and FZ crystals.7 It was suggested that thes
effects are associated with a crossover to a Fermi-liq
ground state.7 The anomalous decrease inc(T) and conse-
quently inV(T), upon cooling below 20 K, signals the eme
gence of a new electron-lattice interaction leading to a la
~for low T! thermal expansion coefficient,b. In f-electron
compounds, it was shown that Fermi-liquid@heavy fermions
~HF!# systems at low temperatures, are indeed character
by a largeb and an unusually large electronic Gruneis
parameter,Ge ~25 to 150!, which is given by22

Ge~T!5Vmb~T!/kCe~T! ~1!

where Vm , b, k, and Ce are the molar volume, volume
thermal-expansion coefficient, volume compressibility, a
electronic specific heat, respectively. By substitutingVm
59.331025 m3/mol Ru ~Fig. 2!, b(7 K)51.631026 K21

~Table II!, k56.6310212Pa21 ~Table I!, and Ce(7 K)
50.6 J/mol Ru/K~Ref. 5! into Eq. ~1!, we obtainGe(7 K)
538. This high value, is indeed characteristic of a Ferm
liquid system. A similar behavior was recently observed
LiV 2O4, which showed a decrease inV(T) upon cooling, at
T,20 K, where a crossover from local moment to hea
fermion behavior takes place.23 A similar calculation in
LiV 2O4 yieldedGe(7 K);25.

Another potentially important finding of the present wo
is illustrated in Fig. 4. With each cooling cycle, the samp
goes through a ‘‘strain hysterisis loop’’ from which it come

TABLE II. Thermal-expansion coefficients, bA

5(1/A) dA/dT, in units of 1025/K, estimated from Fig. 1 at RT
and at 7 K.

Coefficient RT 7 K

ba 2.2 ~1! 0.0 ~1!

bc 21.4 ~1! 0.18 ~4!

b5bv 3.2 ~5! 0.16 ~6!
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8730 PRB 62H. SHAKED et al.
out less strained and with a slightly shorter^a& and a slightly
longer c, leading to a largerc/^a&. This is a result of the
opposite signs of the linear compressibilitieska andkc , and
of the strained state of the sample. This explanation is c
sistent with the following two facts:~i! The FZ crystals, are
probably strain free and have the highestc/^a& value~Table
III !. ~ii ! The powder sample of Ref. 9 was quenched out
the furnace, it is more strained and has a lowerc/^a& value,
than the sample used in the present work which was slo
cooled.10 As for the cause of the strained state, we can spe
late that it could be due to one or any combination of
following effects: ~i! Stacking faults, ~ii ! Grain surface
chemical inhomogeneity,~iii ! Grain interaction stresses i
the sintered powder sample. The very lowc/^a& value of the
flux grown single crystal is more likely due to a slight di
ference in stoichiometry. Chlorine substitution for oxygen

TABLE III. c/^a& values reported for samples of flux grow
(F) single crystals, powders, and traveling solvent floating-zo
~FZ! single crystals.

Preparation c/^a& Ref.

F crystals 3.716 4
3.735 11

Powders 3.766 9
3.768 10

FZ crystals 3.771 7
e

ic
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o
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f
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e

Sr3Ru2O7 would likely require a higherc/^a& and is there-
fore ruled out.

CONCLUSION

Above 50 K, the ruthenate Sr3Ru2O7 exhibits expansion
of c, and of the bilayer thickness upon cooling, and at R
the outer apical bond length expands under the applicatio
pressure. This behavior, is explained in terms of a mec
nism where a modification in the occupation of the ene
levels in t2g occurs as the oxygen octahedra elongate u
cooling. At these temperatures^a& decreases upon coolin
causingw to increases due to an ion size effect. Below 20
bothc andw decrease upon cooling. This unusual behavio
explained in terms of a crossover to Fermi-liquid behavior
evidenced by previous transport measurements.7 The sample
of the present study exhibited strain, characterized by
valuec/^a&. Each cooling cycle partially relieves this strai
increasingc/^a&. It is shown that F crystals, powders, an
FZ crystals have characteristicc/^a& ~published! values.
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