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Negative lattice expansion from the
superconductivity-antiferromagnetism crossover
in ruthenium copper oxides

A. C. Mclaughlin', F. Sher™ & 1. P. Attfield”

The mechanism of high-transition-temperature (high-T,) super-  oxide superconductivity is ohserved for T, == 500K (ref. 61, We have
conductivity in doped copper oxides is an enduring problem.  imvestigated how the imagnetic order in the En, layers influences the
Antiferromagnetism is established as the competing order’,  CuQ, planes at 5% hole-doping, which is the lower limit for
but the relationship between the two states in the intervening  superconductivity in copper oxides, Polyerystalline 1222-type RuSr,
e regime has become a central puzzle’. The vole of the R, Cey o CuaOy, ceramics (R is a mixnure of N and ather trivalent
crystal laitice, which is important in comventional supercondue-  rare earth elements) were prepared by sintering oxide pellets at
tors, also remains unclear. Here we report an anomalous increase  1,000-1,100°C in air The pellets are semiconducting down to 4K,
of the distance between copper oxide planes on cooling,  with resistivities at 30K of 50-100mom, and do not show
which results in negative thermal volume expansion, for layered  superconducting transitions or resistive anomalies at the magnetic
ruthenium copper oxides" that have been doped to the boundary  transitions described below.
of antiferromagnetism and superconductivity. We propose that a Thrir sppin ordering transitions are observed in magnetoresistance
crossaver hetween these states is driven by spin ordering in the  and magnetization measurements on BuSeNd, ¥, ,Ce, OOy
ruthenium axide layers, revealing a novel mechanism for negative  (Fig. la) and are assigned from magnetic neutron scattering
lattice expansion in solids. The differences in volume and lattice  (Fig. 2al. Additional neutron diffraction peaks froma (102 12 102}
strain between the distinct superconducting and antiferromag-  magnetic superstruchure appear at temperatures below the Bo spin
netic states can aceount for the phase segregation phenomena  ordering tramsition at Ty, = 140K (Fig, 2a). The magnetic inten
found extensively in low-daped copper oxides, and show that  sities down to 60K are fitted by a model of antiferromagnetically
Cooper pair formation is coupled to the kattice. Unusually large  ordered Buomoments aligned in the ¢ direction, as found in the
variations of resistivity with magnetic field are found in these  related 1212-type nuthenmm copper ooide RuSr GO0, (ref. 71
ruthenium copper oxides at low temperatures through coupling [ The 1212 materials have only one rare earth laver between muthen
between the ordered Ru and Cu spins. ium copper oxide slabs, whereas rwo layers are present in the 122
Layered ruthenium copper oxides are most easily stabilized when  homologues,) The slight canting of Bu moments, which creates a
the copper oxide planes are in the low doped (‘underdoped’) super-  small in-plane ferromagnetism in this and other layered rotheniom
comducting regime, The Ru sping order at 100-140K, and copper copper oxides, is not seen by neutron diffraction bat is evidenced in

Figure 1| Magnetization and electronic
transport measurements for
RuSr;RyCeg oluzOhyn Measurements were
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magnetization measurements. Below T, = 60K, the Cu spins order
antiferromagnetically in the a4 plane with a (172 172 0) super-
structure—the fitted Bu and Cu spin model is shown in Fg. 2h
Ordering of both Cu and Fu spins has not been previously reported
in layered ruthenium copper oxides, and is also surprising becaus:
leng range Ca spin order persists only up fo 2% doping in simple
copper oxides such as La,  Sr,Oo0y (although short range anti-
ferrmagnetiam is ohserved up to 5% dopingl. The same two spin
ordering transitions are ohserved by nentron diffraction in RuSr,
N, Ceg OOy and a pominally zero-doped sample, RuSr,.
My oV CeCo Oy Both transition temperatures increase with
reduced hole-doping, up to Ty, = 170K and T, = 120K in the
latter sample; these and other results are shown in Supplementary
Infarmation,
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Figure 2 | Magnetic arder in RuSraNdpo¥ e o€ s o0 304 at low
tamparatures. This was determined from high resolation powder neutron
diffraction data, collecied ai a wavelengih of 159435 A on instrmment
SuperDZH at ILL, Grenable. Magnetic superstracture peaks are labelbed on
the 4 K diffraction plot (&); the fit is calcalated from the refined model for
atructiral and antiferromagnetic Bo and Cu spin ardering (B, The stacking
sequence of metal oxsde lyers and the interplanar scparatson of copper
axide planes, '}, are labelled. Relinement of the tetragonal crystal struciore
[space granp 14wy revealed no significant oxygen deficiency (<1%) in
the R axide layers, amd the nominal doping level of 0,03 is also corroborated
by & bond valence sam calcalation using parameters derived previansly far
layered rutheniwm copper axides™ which gives an estimate of 06 001
holes per Cn. These analyses confirm that RuSesMdg oY 5 oCeg oo A0 i is
hole-doped (o the normal lower limit for soperconsdusivily, €, The

lem perature variation of the antiferromagnetically ardered Bo and Cu
maments (from the slow.cooled experiment described in Fig. 2 legend).
Applying a 53T fichl a1 4 K diminshes the intensities of the
anfiferromagnelic supersiruciure peaks (see alse Sapplementary
Infarmation | and the refined moment valaes {Gilled symbols in c) are
cnnaistent with a 45 canting of both Bu and Co moments towards a
paralle spim strcture, The magnetic alignment axis is unclear from our data
bt is likely te be in the e—b plane, as found For RuSr2G0000, an high lidd
strengthis’. Frrar hars, one estimated s.d., calonlated from the Rictveld fis to
the neutron diffraction prodiles.
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Crystal structure refinements of RuSn, Nd, oY, <Ceg oCup0y from
neutron diffraction data show that tetragonal lattice symmetry is
preserved down to 4 K, but the cell parameters reveal an unexpected
and remarkable change of hehaviour at Ty, Tn bath slow cooling and
slow warming experiments, the unit cell shows a normal (positivel
thermal expansion above Ty = 140K bt helow this, the cell shrinks
with increasing temperature (Fig. 3a). This negative volume expan-
sinn has not been fornd in other copper oxides [or mthenim copper
ooides) and is unprecedented in magnetic transition metal oxides. No
unusnal changes in the metal-to-oxygen bond distances are observed,
bt an ancimalous expansion in the separation between copper oxide
planes (dy) bebow Ty, is seen to drive the negative lattice expansion
{Fg. 3b). The negative expansion is not observed when the same
sarmple is quenched to 4 K and then warmed rapidly (Fig. 3a).

Megative expansion at terperatures below an electronic transition
results frain a crossover berween twio states of differing volume. Tn
ferromagnets, this is the well-known Imar effect’, driven by a
crossover from simall to large spin states below the Clarie transition,
for example, in the Invar alloy, Fey Mg 1 and in the conducting
ferrommagnetic oxide SrftuCy, although here the valume expansion
remiatns positive below the Curie transition®, A distinet, intervalence,
miechanism' has recently been identified in rare earth compounds
such as the fulleride Smy; e (ref 111 and YhiGaGe (ref. 12} that
change hetween large, low temperature BT and small, high temn-
perature B* states, Meither of these mechanismes explains the
negative expansion of RuSe,Md, .Y, Ce, oCo,0,,, most obwiousk
becanse the structure, the Ru and Cu valences, aind the Ru spin
ordering here are not noticeably different to those in previously-
characterized superconducting ruthenium copper oxides, none of
which show wsnal lattice expansion below Ty, (refs 8, 13, 14).
Tnstead, the prosimity of RuSe,Nd,, oY, .G, 20,04, to the bound
ary between antiferromagnetism and superconductivity suggests that
a crossover bebween these two states is responsible for the negative
expansion. However, as the change from positive to negative expan-
sion occurs at T40E, well above the possible ordering temperatures
for Cu antiferromagnetism or superconductivity, the crossover
inadicates that two high-temperature correlated states are available
for the Cu, planes in the psendogap reginee. For convenience, we
label these as "para-antiferromagietic’ and ‘parasuperconducting.

Wi propase that the 5% doped CoQ), planes in RuSe,Nd, .Y, ..
Cg g0 Oy are parasuperconducting above 140K, This precursar
state for superconductivity in underdoped copper ooddes shows high
temperature pairing fluctuations™ that correspond o pre-formed
Cooper pairs in strong coupling theories®, but without the phase
stiffness between pairs that charsctenizes the superconducting
phase below T When cooled below 1408, the Bu spin ordering
switches the copper axide state from parasuperconductivity to para
antiferromagnetism—the state of a paramagnet above a comventional
antiferromagnetic transition, Fuoctuating clusters of antiparallel
copper spins in the para-antiferromagnetic phase condense inko
the observed long range (/2 12 0) order on cooling to
Te,, = 60 K. The switching action of the Rn spin ander on the copper
oxide planes could be through ferromagnetic pair-breaking from
the small in-plane moment, which destabilizes the parasupercon-
ducting state, or through magnetic Bu-Co exchange, which induces
antiferromagnetic (o spin correlations and so stabilizes para-
anliﬁer:ms_ne‘rism The latter seems plansible, given the wiusoal
stahilization of long range Cn spin ordering up to 5% doping.

Tin the abweve interpretation, the increase in the inter-copper plane
distance o, below Ty, {Fig. 3b) shiws that the pairing correlations in
the parasuperconducting state result in a slight attraction between
the copper oxide planes, and the release of this stress below Ty, drves
the negative lattice expansion. This is coroborated by a previons
study of a superconducting RuSr, GdCuy0y sar *, in which a
small discontinnity in d; was found at Ty, = 133K, although
na lattice parameter anomalies or negative expansion resulted.
Here, the Ru spin ordering again leads to a slight release of inter-
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Culd, plane stress, but the pair correlations are stronger in this
more highly-doped material so parsupercondudtivity survives to
low temperatures leading to the zero-resistance state below
T.=3%BE

The proposed transformation between parasuperconducting and
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Figure 3 | Temperature variation of the RuSraNdgeY s 0o aCuyOsy
structure, i ive thermal expansion below the T, = 140 KRu
spin ordering temperature. a, Yalwme evolution from three separate
povdier meutron diffracton copermients on the same sample. "Slow
warming’ [open circles; sample was held ail 4 K for 5 h then warmed i 290 K
at am average rate of TRE ') amd low cooling (iilled virdes; average
caaling rate, 16 K h ") data were collected on difiraclometer SuperD12B. In
the 'fast warming cxpersment [open squares) on ILL diffractometer 1120
{wavelength 242 AJ, the sam ple was quickly conled to 4K (ar 430 KL ',
and diffraction patierns were recorded while warming 2l 60Kh ' A
negative volume expansion is seen helow Ty, in beth the dow sarming and
the slaw caaling experiments. The @ and ¢ cell parameters show the same
trends as the valumes. The negative volwme (V1 expansion of ay = diln ¥/
AT = — 143 % 107 %K " i the 4140 K merval comes principally from the
caxis coniribution {a, = — 1.3% % W0 K "), alihough the a axis also
shows a small negative expansion {o, = —0.02 x 10 "K ', b, The e-axis
lemgth is wsefully split into contributions from the thickness of the

Codr Sel Rudr, SrOCo 0y ratheninm copper oxide slabs (dye) and the
interplanar separation of copper oxide layers throagh the {RCe b0 blacks
iy marked on Fig. 3hi such thai o'2 = dge + iy The changes in these
distances relative fo iheir 290 K values [dge = 8174, d) = 6095 &) are
shown on the right-hand scale of b d g has a monotonic lemperature
variation, bui the separation of ilve Culk layers d) shows an anomalons
expandsn helaw Ty, that mirrors the averall nogative expansion of ¢, Error
bars, one estimated s.d., calculated from the Rietveld fits to the nentron
aiffraction profile,
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para-antiferromagnetic states is first order because of the difference
in their lattice valumes, This is confirmed try the volume hysteresis in
the show conling and warming data around T, (Fig. 3a). Further-
imore, when the saime sample was quenched to 4 K and then warmed
rapidly, a low volume state that expands positively up to Ty, was
found, although anliferm:mgﬂﬁl’c Cu spin ordering was still
observed below T, (see Supplementary Figures). This shows that
the croszover berween parasuperconducting and para-antiferromag-
netic spin states occurs rapidly, but the consequent structural
relaxation is slower, requiring several howrs in our ceramic samples.
Similar timescales are ohserved for low temperatuare lattice relaxation
in phase-separated imanganese oxides™. From the difference between
quenched and slow cooled RuSe,Md, 0¥ e, OOy, lattices, we
estimate that the zero temperature superconducting phase has a
=1% smaller volume and & =0.04% smaller os ratio than the
antiferromagnetic phase,

Ru spin ordering in layered mathenium copper oxides significantly
changes the electranic behaviour nflaw—dnlwd copper oxide planes
Ty extending the limit of long range antiferromagnetic Co spin arder
up to the boundary of superconductivity near 5% hole-doping.
Anather of the consequences of this “alternative physics” for low-
doped copper axides are large values of negative magnetoresistances
[—MR}, observed in all of our RufieR, Cey 90y Oyy samples {Fig
1b}. Figure La shows that — MR initially rises to ~2% below Ty, asis
found i superconducting ruthenium copper oxides™*, but
increases dramatically on eooling below T, unlike its hehaviour
in the superconducting analogues. The = M walue for
Ruse, Md, ¥, Oy, o00,0,, s the largest reported for copper oxides
at this field strength. Andsotropic magnetoresistances with —MR
up to 2P are found in single crystals of 1% doped antiferromagnetic
copper oxid and can increase i higher felds, up to 8080 for
La 80 Cr0dy at 14Th Magnetoresistance results from a field-
induced canting of antiferromagnetically-ordered Cuspins towards a
parallel aligniment in the 1% doped crystals. We find that the Ru spin
arder in RuSe, M, oY 2Oy, o000, 0, enhances this effect, as neutron
diffraction shows that both Cu and Ru spins are canted towards a
paarallel aligrment Ty an applied field (Fig, 2ch The large negative
magnetoresistance effects ohserved in our 1222 ruthenium copper
aides are comparable to those in spin-polarzed conductors such as
colossal magnetoresistance manganese oxide perovskites™™ and
S FeMody, (ref, 26). Phase segregation enhances imagnetoresistance
in the manganese oxides, and we specolate that parasuperconduct-
ing-antiferreamagnetic phase coexistence conld also coatribuite to the
large magnetoresistance in ruthenium copper oxides,

Our results and our proposed two-state model have several
implications for superconductivity in copper oxides. They show
that Bu spin ordering creates an alternative physics for low-doped
copper oxides that helps to carify the relationship between anti-
ferrmmagnetism and superconductivity, The volume difference
hetwreen the two states demonstrates that Cooper pair fonnation is
coupled to the lattice through a dight attraction between Ca(,
planes, and so a chargelattice coupling may be necessary for the
mechanism of superconductivity, Coupling between cartiers and
out-of-plane phonons has been demonstrated in necent studies of
auperconducting bismuth copper axides™, The superconducting and
antiferroinagnetic correations are competitive, with different lattice
volumes and cfa ratios for their para-states at a given doping
concentration, although the stroctural transformation between
phaases is show. The lattice strains between the two phases may
account for the many observations of phase separation, coexistence,
amd heterngeneities in the psevdogap regime, without requiring
electronic segregation into hole-rich and haole-poor regions. A recent
thearetical analysis has found thar steains resulting from electron—
lattice coupling are sufficient to create phase-separated textures over
a range of length scales in transition metal oxides ™.

Finally, we note more general materials science implications.
RuSr,Md, Y, :Cea 0,0y, has revealed a novel mechanism for
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|1?ariw: thermal expansion through a crossover between two
difterent types nfmm’mmll.el spin correlation, and other crossovers
Thetween competing exatic states may lead to new dasses of ebectronic
imaterial showing this useful phenomenon. The ordered Ru spins also
enhance spin polarized transport in the doped antiferromagnetic
copper oxide planes, leading to magnetoresistances comparable o
those of spintronic materials.
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