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to Nonmetal Transition in CazRu;07
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Single crystal CeRu,O; shows a metallic antiferromagnetic phase intermediate between a first-order
metal to nonmetal transition af,, = 48 K and the antiferromagnetic ordering (Néel) temperature,
Ty = 56 K. The metallic antiferromagnetic phase is predicted within various Mott-Hubbard models.
Magnetization and electrical resistivity reveal strongly anisotropic metamagnetism in the nonmetallic
antiferromagnetic phase. The charge and spin excitations are strongly coupled:H-Thehase
diagrams determined by magnetization and magnetoresistivity are indistinguishable and reveal a
multicritical point. The heat capacity of €RWO; suggests it is a highly correlated electron system.
[S0031-9007(97)02552-0]

PACS numbers: 71.30.+h, 75.30.Kz, 75.50.Ee

Materials showing a transition from a high temperaturesure to fine tune the properties [6]. A low temperature
metallic to low temperature antiferromagnetic insulatingnoncommensurate AFM phase was described recently in
phase, generally transition metal oxides, are sensitive t¥,_,0; for 0.015 < y < 0.04 [6].
the relative value of the electronic bandwidth and the One of the most intriguing aspects of the metal-
intra-atomic Coulomb repulsiofy [1]. These transitions insulator transition is the mix of unusual magnetic
are often loosely referred to as Mott-Hubbard transitionsorder, enhanced electron interactions, and strong spin
In this paper we make reference to solutions of the Mottfluctuations that accompany the transition. The interplay
Hubbard Hamiltonian for the case of intermediate frus-of these elements bears on the ground-state properties
tration, considered in 1972 by Cyrot [2] and discussef high-T. cuprate superconductors, some giant mag-
recently by Kotliar and Moeller [3] and Moriya [3] among netoresistive materials, and heavy fermion compounds.
others, in which a metallic antiferromagnetic (AFM) phaseThis recognition has led to a resurgence of interest
is predicted for either low temperatures alone or intermediin the metal-insulator transition in highly correlated
ate between the high temperature magnetically disordereglectron systems primarily iAd transition metal oxides
metallic (PMM) state and the low temperature antiferro-such as the antiferromagnetic insulator,CaO, and
magnetically ordered nonmetallic (AFI) state. Spalek andts hole doped derivatives and in the Mott transition in
Woijcik [4] recently described an AFM phase and field in-the Brinkman-Rice correlated system®;. The three
duced metamagnetism using an almost localized fermiodimensional Mott-Hubbard Hamiltonian which contains
model. In this paper we show that the stoichiometricthe underlying physics continues to defy solution, and
ternary ruthenate GRW,O;, a4d system having a tetrago- perturbative methods have not been successful in the
nal layeredlike structure and which is isostructural withcritical region where W and U are comparable.
the itinerant ferromagnet §Ru, O, [5], undergoes a first- We present here the temperature dependence of the
order metal to insulator transition and displays unique butmagnetization,M (T, H) for 2 < T < 400K and 0 <
predicted magnetic and transport properties at ambierfd < 7 T, isothermal magnetization fob < T < Ty,
pressure and without chemical substitution. Of most sigelectrical resistivity and its magnetic field dependence,
nificance is the metallic antiferromagnetic phase (AFM)p(T,H) for2 < T < 300 K in dc fields to 30 T, and zero
intermediate in temperature between the metallic paramadield heat capacity’(T) for 1.5 < T < 20 K. All experi-
netic phase (PMM7y = 56 K) and the low temperature ments were performed on well-characterized single crystal
nonmetallic antiferromagnetic phase (ARl = 48 K).  samples, and data were often extracted separately from
The data presented here are for several well-characterizegveral single crystals to ensure integrity of the results. In
single crystals of CRRW, O;. both antiferromagnetic phases(I’, H) decreases sharply

Experiments demonstrating the richness of phases assat well-defined metamagnetic transition fields determined
ciated with the classic Mott transition have to date beerirom M (T, H) [1]. The H-T phase diagrams constructed
performed in3d systems, mostly MO; and derivative from transport and magnetic data are indistinguishable,
systems, and have relied on controlled nonstoichiometriand a multicritical point is identified aI' = 48 T and
compositions, chemical substitution, or hydrostatic presH = 4.1 T.
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Single crystals were grown in Pt crucibles using flux 0.1 T
techniques from off-stoichiometric quantities of RyoO [\ p_(OT)
CaCQ, and Cadl (a self-flux). These mixtures were I
heated to 148€C in partially capped Pt crucibles, fired i oon} 1
for 25 h, cooled at 2C/h to 1350°C, and then rapidly 1Y o (0T) ool : ]
cooled to room temperature. The resulting shapes of
CaRwO; tend to be platelike with an average size
of the single crystals being X 1 X 0.4 mm® with the
¢ axis along the shortest dimension. The crystals used in ]
this study were as grown. The starting ratio of Ca:Ru L (119
has a large influence not only on the form of crystals e
but also on the ratio of Ca:Ru in the crystals. The o b i
electrical resistivity was measured with a standard four 0.15
probe technique and the magnetization with a commercial I
SQUID magnetometer.

CaRw 07, which is isostructural with both $Rw,O;
and CaTi,O;, has a body-centered tetragonal crystal
structure with the symmetry of4/mmm [7,8]. It is
composed of pairs of closely coupled Ru®lanes
with the pairs offset along the axis and separated
by a layer of Ca and O ions. Results of SEM and
EDX indicate that crystals studied are of high quality.
X-ray diffraction patterns from powdered Ru,O; ;
single crystals show no impurity peaks including CaRuO 0 - A S S
The refinement of a body centered tetragonal cell using 0 50 100 150 200 250 300
31 reflections yielded: = 3.841 A and ¢ = 19.609 A. T (K)

The x-ray study suggests. that the crystal structure olf—'IG. 1. Electrical resistivityp (T) and magnetic susceptibility
CaRuw,O; may be more distorted than the structure ofy (7 i = 0.5 T) as a function of temperatur. The insets
SrRW, 0O, due to the relatively smaller Ca ionic radius show details of the two transitions.

(rca = 1.0 A), compared to Sr(rs, = 1.18 A). This
may be similar to the case of CaRy@nd SrRu@ where
the smaller Ca leads to the tilting of the Ry@ctahedra, its weak temperature dependence belBw is reflective
thus a more distorted perovskite structure than that foof strong exchange coupling or large anisotropy and
SrRuQ [9]. resemblesy (T) behavior seen in ¥0; [6]. This may
Shown in Fig. 1 are resistivitp(2 < T < 300 K) and  be due to a crossover from a three dimensional (3D) to a
magnetic susceptibilityy(5 < T <400 K,H = 0.5 T). two dimensional (2D) coupling whose correlation length
(We determined that a field of 0.5 T was low enough tovaries exponentially with temperature [11], but the origin
define “zero field” susceptibility.) The resistivity shows of such behavior is unclear.
metallic behaviokdp /dT > 0) for T > 56 K and is rela- For 48 < T < 56 K there is a relatively weak but
tively large(0.013-0.017 Q2 -cm), indicating a narromd  well-defined decrease in(T) (see the inset in the upper
band. A very abrupt first-order metal nonmetal transi-panel) which is like Fisher-Langer behavior [12]. This is
tion Ty is seen at 48 K, followed by a rapid increasefollowed by a small interval of”> dependence and below
in p(T) [p(2 K)/p(48 K)] = 10—a ratio which varies that a small increase in(T"), which may be a precursor to
from 6 to 18, depending on samples. The data sugthe first-order transition af,. This would suggest that
gest a splitting, or at least partial Fermi surface gappingthe energy difference between the phase%,atis small
The largerp(T) along (001) is expected for a staggeredfor T > T),. The metallic conductivity in the AFM phase
layered system. Slight (00A(100) anisotropy (not ap- persists forH to 4T, though the rather abrupt decrease in
parent in Fig. 1) is observed also f@ > T, in the p(T)atT = 56 K shifts to lowerT (terminating at 48 K),
metallic phases. The resistivitg(T) exhibits a small and it becomes less well defined.
thermal hysteresis in the vicinity dfy,. This hystere- In the PMM phase the anisotropy qf(T) is unusu-
sis, together with the abrupt(T) and p(T) changes ally large, persisting up to 300 K. This anisotropy of
at Ty, = 48 K, demonstrates that the transition is first y(7) may be due to anisotropic exchange and/or strong
order [1]. but anisotropic electron correlations. Fitting(T) to
The susceptibilityy (T') below Ty, drops precipitously, a modified Curie-Weiss lawy = yo + x /(T — @) for
and far more rapidly than expected for a conventionall50 < T < 390 K yields the effective momen2.42up
antiferromagnet [10]. The drastically reducgdl’) and for both (100) and (001) directions. The paramagnetic
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Curie temperatures ar@ = —67 and —69 K, respec- 0.8 T
tively, and y,, which is expected to roughly measure the s K :::E;?g;
density of states at the Fermi surface, is larger than in
most metals. The effective moment may be compared to
2.83up, expected for theS = 1 state of Ru [13]. These
results are in accordance with those of specific heat (not
shown) forl.5 < T < 20 K. The electronic specific heat
coefficient determined frond'(7) is y = 37 mJ/mol K2,
While v, which is reproducible from sample to sample, is
rather large, it is much smaller than some insulating heavy
fermion systems, some of which, like $a,b0;, show
nonmetallic conductivity in the low temperature regime
where y is measured. In those systemsresults from
localized electrons at the Fermi energy, or there may be
partial gapping of the Fermi surface.

While x(T) along (100) and (010) are nearly identical,
x(T) along (110) essentially vanishes fdf < Ty,

M (uB/Ru)

B

M (u /Ru)

r'Y
indicating that the moments lie antiferromagnetically Lo miaor

coupled along (110). Recalling the crystal structure,

0.7

moments may be coupled antiferromagnetically within

all ab planes or ferromagnetically coupled within planes 0.05 [ 15K \ ° Jlos

but antiferromagnetically between adjacent planes. The H

measured ratio ok (T < Ty,) for H||(001) vs H||(100) ’g‘om — 25 K i (110) ] * o

(ratio about2!/2) is consistent with the (110)-aligned spin coo03f ; {04 ®

configuration. The metamagnetism data described below e 42 K ‘t: 2

fully support the (110) spin configuration. 0-02 1% '""““"“““""’X 103
Shown in Fig. 2 are isothermal magnetizatidh and 0.01 {om XX 0.2

resistivity p as a function of applied magnetic fieH. ! (001)(15K) —>

As seen in Figs. 2(a) and 2(b), there is a large jump in ° 1 2 s 4 5 6 7 8

the moment at a critical fieldd.,. This appears to be H (T

a metamagnetic trapsiti_on, and the ani_SOtrOpiC .behaVinIG. 2. Isothermal magnetizatiom and resistivityp as a
between different directions is substantial. In Fig. 2(a)function of applied magnetic field/. (a): H]/(100) or (010):
when H||(100) or (010), M not only shows a relatively (b): H||(110); inset: M(110) for 42 < T < 55 K; (c): p for
broad transition akl,, but is also unsaturated with a small H|/(110) (except as noted).
moment 0.7 ug/Ru at 15 K and 7 T), compared to
2up for the full gSup moment [13]. In contrast, when
HI|(110), M(T, H) [Fig. 2(b)] exhibits an extremely sharp can move with its spin cloud. The coupling @f(H)
transition at a lowerH.,, and is completely saturated to M(H) shown in Fig. 2 may be, in turn, interpreted
aboveH., with a nearly full ordered moment73ug/Ru. in terms of a change in mobility (= e7/m). This is
These results together with th&T <« Ty) show that the to say, whenH < H,., the increased mass of the spin
easy axis must be along (110). polaron reduces the mobility of charge carriers, resulting

For40 < T < 48 K a second transition df.,, appears in localization. Conversely, whe#l > H ., spins are
which increases with temperatures (see inset). This tworapidly aligned ferromagnetically, so no spin polarons
step feature does not have the appearance of a spin fléprm, and as a result, this increases the mobility and the
transition. (The lower transition should occur at a fieldconductivity. Such behavior has been observed in other
near [2HzH,/(1 — a)]'/?, where Hy is the exchange systems, for example, the magnetic semiconductor EuTe
field, Hy is the anisotropy field, and = x| /x. [10]). [15]. An argument against the magnetic polaron is that
The upper transitions are reminiscent of a flop-side twothere is no evidence for them, as they should give rise to
step spin rotation seen, for example, in HoP [14]. Sucha very low field jump in isothermaf (H, T < Ty).
transitions would require the anisotropy field to decrease The magnetoresistance fdf||(001) (lowest graph in
with increasing temperature. Fig. 2) indicates no nonmetal to metal transitionHo=

In Fig. 2(c) we show the large and sudden decrease ih07, consistent with (001) being the “hard” axis. We
p(H) at the corresponding., for H||(110). This parallel measureg (4.2 K, H) with H||(001) in fields up to 30 T
change in bothp and M indicates a strong coupling in the high dc field facility of the NHMFL and found a 7%
between charges and spin excitations, and thus possibiiecrease ino(T = 4.2 K,H) by 30 T but no transition
formation of magnetic polarons where the charge carrieto the metallic PMM phase in this direction. The data
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suggest some canting of the spins in the (001) directioffor discussions concerning the Mott-Hubbard model. The

out of theab plane forH to 30 T.

Shown in Fig. 3 is thed vs T phase diagram derived ti
from M(T,H) andp(T,H). WhenH < 6 T, CaRw0O;
evolves from PMM to AFM to AFI as temperature
decreases. Ad${ increases, the system becomes again
a metal with spins aligned. This is labeled FMM(?) in
the figure. The dashed line represents inflection points
in the M(T, H) data forH > 6 T (the second transition

discussed above), and while we recognize this as a

transition to full spin alignment, its relevance to the phase
diagram, Fig. 3, is not clear. The confluence of the phase]
boundaries al" = 48 K andH = 4.1 T is a multicritical
point. To the best of our measurements, the PAMIAM

phase boundary delineates second-order transitions ant?]

the other two boundaries first-order transitions.

We believe the results reported here forRa&O; rep-
resent the first observation of the predicted PMM to AFM
to AFI sequence of transitions. However, our understand-
ing of these transitions is incomplete. The unusual behav-
ior reflected in CaRw,O; underscores its complexity but
suggests a new class of oxide systems with which to ex-
plore the nature of the Mott-Hubbard-type problems. It
is tempting to describe the AFM phase in terms of the
almost localized Fermi liquid (ALFL) state discussed by
Spalek and Wojcik [4] because the metamagnetic transi-
tions in the AFM state are consistent with the ALFL theory.
Most recently, Duffy and Moreo [16] described an AFM
state for a two dimensional Mott-Hubbard model. Finally,
Dobrosavljevic and Kotliar [17] describeTa= 0 partially
filled Hubbard band model with disorder that gives rise to
a Mott-Anderson transition which may have relevance to
the data for CeRun,O;. Regardless of the interpretation,
the AFM phase in C&Ru, 07 stands alone as the most sig-
nificant feature of this study.

We wish to thank J. Bolivar for assistance in the experi-
ments and V. Dobrosavljevic, E Dagotto, and A. Moreo

12 T T T T T
[ Ca RuoO
10 F 3 27 _'
! HII(110)
s F i
FMM (?)
=) N :
~ 6 . -
==
[ PMM ]
4 F i
2 B AFI AFM h
0 1 1 | 1 A 1
0 10 20 30 40 50 60

T (K)

FIG. 3. H-T phase diagram derived from both (T, H)
and p(T,H).
isothermalM (H).

1754

authors wish to acknowledge support provided by the Na-

onal Science Foundation under Cooperative Agreement

No. DMR95-27035 and the State of Florida.

*On leave at National High Magnetic Field Laboratory,
Florida State University, Tallahassee, FL 32306. Also
visiting scientist at Francis Bitter Magnet Laboratory,
MIT, Cambridge, MA 02139.

For a general review of the transition, see N.F. Mott,
Metal-Insulator Transition(Taylor & Francis, London,
1990).

M. Cyrot and P. Lacour-Gayet, Solid State Comm(a,
1767 (1972); J. M. D. Coey, Physica (Amsterdei)B, 59
(2977).

[3] G. Kotliar and G. Moeller, in Spectroscopy of Mott
Insulators and Correlated Metalgdited by A. Fujimori
and Y. Tokura (Springer, Berlin, 1995), p. 15-27, and
references therein; T. Moriyébid., pp. 66—79.

[4] J. Spalek and W. Wojcik, inSpectroscopy of Mott
Insulators and Correlated Metalgdited by A. Fujimori
and Y. Tokura (Springer, Berlin, 1995), pp. 41-65.

[5] G. Cao, S. McCall, and J. E. Crow, Phys. RevoR R672
(1997).

[6] S.A. Carter, T.F. Rosenbaum, P. Metcalf, J. M. Honig,
and J. Spalek, Phys. Rev. B8, 16841 (1993); S.A.
Carter, T.F. Rosenbaum, M. Lu, H. M. Jaeger, P. Metcalf,
J. M. Honig, and J. Spalek, Phys. Rev4B, 7898 (1994);
M. Takigawa, E. T. Ahrens, and Y. Ueda, Phys. Rev. Lett.
76, 283 (1996); E.D. Isaacs, P. M. Platzman, P. Metcalf,
and J.M. Honig, Phys. Rev. Let?6, 4211 (1996); See
also B.D. McWhan and J.P. Remeika, Phys. Rew2,B
3734 (1970); D.B. McWhan, J.P. Remeika, T.M. Rice,
W.F. Brinkman, J.P. Maita, and A. Menth, Phys. Rev.
Lett. 27, 941 (1971); W. Bao, C. Broholm, J. M. Honig,
P. Metcalf, and S.F. Travino, Phys. Rev. B, R3726
(1996).

[7] H.K. Muller-Buschbaum and J. Wilkens, Z. Anorg. Allg.
Chem.591, 161 (1990).

[8] S.N. Ruddlesden and P. Popper, Acta Crystallddy.54
(1958).

[9] W. Bensch, H.W. Schmalle, and A. Reller, Sold State
lonics 43, 171 (1990).

(1]

[10] S. Foner, J. Appl. Phy®9, 411 (1968).
[11] T. Thio, T.R. Thurston, N. W. Preyer, P.J. Picone, M. A.

Kastner, H.P. Jenssen, D.R. Grabbe, C.Y. Chen, R.J.
Birgeneau, and A. Aharony, Phys. Rev.3B, 905 (1988);
E. Manousakis, Rev. Mod. Phy83, 1 (1991).

[12] M.E. Fisher and J.S. Langer, Phys. Rev. L&®, 665

(1968).

[13] For example, see J.B. Goodenough, Prog. Solid State

Chem.5, 145 (1971).

[14] H.R. Child, M. K. Wilkinson, J. W. Cable, W. C. Koehler,

and E. O. Wollan, Phys. Re31, 922 (1963).

[15] Y. Shapira, S. Foner, N. F. Oliviera, and T.B. Reed, Phys.

Rev. B5, 2647 (1972).

The dashed line represents inflections in[16] D. Duffy and A. Moreo (to be published).
[17] V. Dobrosavljevic and G. Kotliar (to be published).



