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Pressure dependence of the magnetic ordering inM 2RuO5 „MÄSm, Gd, and Tb…
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The antiferromagnetic ordering temperatures of Sm2RuO5 (TN519.1 K) and Tb2RuO5 (TN513.1 K) are
depressed with increasing hydrostatic pressure to 0.6 GPa, but that of Gd2RuO5 (TN59.8 K) shows no change
with pressure. The depression ofTN is consistent with an increase in the crystalline electric field interaction
strength accompanying a decreasing lattice constant. Based on the data for Gd2RuO5 , the magnetic exchange
interaction is constant in this pressure regime and Gd2RuO5 , with negligible crystalline electric field interac-
tion strength, serves as a control for these measurements. The data support the role of the Ru cations in
promoting interactions among the lanthanide ions, yet Ru itself has a vanishingly small magnetic moment.
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INTRODUCTION

We present here the results of magnetization as a func
of pressure1,2 for three magnetically ordered members of t
lanthanide–transition-metal oxide series,M2RuO5—for M
5Sm, Gd, and Tb.3 M2RuO5 has a complex orthorhombi
structure, having space groupPnma. The Ru are coupled via
chains of corner-sharing RuO5 square pyramids. There ar
two inequivalent seven-oxygen-coordinatedM sites, and
their polyhedra are edge sharing. Sm2RuO5, Gd2RuO5, and
Tb2RuO5 order magnetically atTN519.1, 9.8, and 13.1 K
respectively, very likely with a canted antiferromagne
structure, based on very-low-field-cooled~FC! and zero-
field-cooled ~ZFC! temperature-dependent magnetizati
studies. A highly anomalous feature ofM2RuO5 is a very
large low-temperature linear contribution to the he
capacity.3 This is normally associated with the electron
heat capacity, but it is unexpected inM2RuO5, all of which
are insulators.

In M2RuO5 both theM and Ru ions can, in principle
support localized magnetic moments because of the unfi
4 f and 4d shells, respectively. In most metallic ruthenate
the 4d electrons drive both the low-temperature transp
and magnetic properties, achieving magnetic ordering
high as 165 K~Ref. 4! in the Ruddlesden-Popper~RP! series
ruthenates. Most are highly correlated electron mater
with large electronic heat capacities.5 In the RP systems, the
Ru ion is in an octahedral cage of six nearest-neighbor o
gens, where the Ru 4d electrons are involved in bondin
with the surrounding oxygenp orbitals. This leads to the
familiar crystalline electric field~CEF! splitting of the 4d
orbitals into the stationary states of doubly degenerateeg and
triply degeneratet2g levels, the latter lying lowest in energy
For M2RuO5, however, five nearest-neighbor oxygens s
round the Ru, forming RuO5 square pyramids instead o
RuO6 octahedra. Defining the tip of the pyramid along thez
direction, this alters the splitting so that the lowest-ene
state is a doublet (dxz ,dyz) followed by three progressively
higher-energy singlets:dxy , dz

2, and dx
2-dy

2, respectively.
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Thus, at temperatures low compared to the splitting, tetra
lent Ru (4d4) is expected to be in aS5J50 ground state,
assuming the CEF quenches the orbital component of
angular momentum (L50) and accounting for double de
generacy associated with electronic spin.

By contrast, lanthanide magnetism is more ionically bas
than transition-metal magnetism, with highly localized u
paired 4f electrons providing the local moment and dom
nating the magnetic properties. The CEF from neighbor
ions can partially and sometimes fully lift the 2J11 degen-
eracy of theM Hund’s rule ground state. Because the rad
extent of the 4f electrons tends to be much smaller than th
of the 4d electrons, the magnitude of the splitting ought to
significantly less than in the case of the 4d electrons.6 The
results of the work presented here emphasize the CEF e
on the magnetic properties ofM2RuO5 and demonstrate how
the CEF interactionitself is influenced by a uniform decreas
in lattice constant. The results support the description that
M2RuO5 the Ru moment is small and that the excited sta
are sufficiently removed in energy from the ground state t
they are not observably pressure dependent. There is c
evidence, however, that Ru mediates and promotes orde
among theM ions.3

EXPERIMENTAL PROCEDURE

Black polycrystallineM2RuO5 samples, all of which are
insulators with room-temperature resistivities,r
'100V cm, were grown using the solid-state reaction p
cedures outlined elsewhere.3

The pressure-dependent magnetization measurem
M (H,T,P) were carried out in a manner described earlie1

but using an entirely new apparatus. A self-locking clam
device machined and then hardened from high-purity be
lium copper provides the hydrostatic pressure. The dim
sions of the main body are 0.8009 in length by 0.4379 diam-
eter, and the bore is 0.1259. A Teflon bucket located in the
clamp body center is filled with the hydrostatic medium, 1
isoamyl alcohol andn-pentane, and it also contains a sm
disk of Pb, used as a superconducting manometer. Pressu
©2002 The American Physical Society13-1
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exerted using a hydraulic press and secured with lock n
located at both ends of the symmetric clamp. The pressur
clamp attaches securely to the end of the drive rod o
vibrating-sample magnetometer~EG&G-4500!, which is in-
tegrated with a 9-T high-homogeneity superconducting m
net. The general features of the high-pressure magnetiza
apparatus are seen in Fig. 1.

For this method of measurement, the mass of the sam
is typically 10 mg or less, whereas the clamp has a mas
about 13 g. Although the magnetic moment of the en
clamp-sample complex is, in principle, detected by the se
opposing pickup coils located inside the magnet, only
small fraction of the clamp moment is detected due to c
celing of its moment because of its high symmetry and

FIG. 1. Pressure-dependent magnetization apparatus show
9-T high-homogeneity superconducting magnet~0.01% over 1 in3!,
the pressure clamp assembly which is attached to the drive rod
vibrating sample magnetometer, and an outline of the varia
temperature gas-flow cryostat used for temperature regulation.
sample is located in a hydrostatic~isoamyl alcohol/n-pentane! pres-
sure medium in a Teflon capsule at the center of the clamp a
with one Pb superconducting manometer. The clamp body is9
long by 0.4379 OD and the bore is 0.1259. The clamp has a mass o
about 13 gm, the sample typically about 10 mg. The entire sam
moment is detected by the pickup coils, but only a small fraction
the clamp moment is detected due to the high-homogeneity fi
which reduces eddy currents in the clamp, and canceling of
clamp moment due to its length and symmetry.
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length. However, 100% of the sample moment is detected
full field the clamp-only background is typically about 0.1
emu diamagnetic, and it is less than 0.01 emu forB,2 T.
Data are recorded continuously as a function of field for
,B,9 T or temperature for 2,T,300 K.

Pressure was determined in these experiments by mea
ing the differential in the superconducting transition te
peratureTc between a Pb disk located inside the hig
pressure chamber and another Pb disk at the s
temperature, but located at ambient pressure on the ou
of the clamp7 ~see Fig. 1!. The accuracy of the pressure d
termination using this method was about60.2 kbar. The su-
perconductivity of the Pb manometers is quenched and t
magnetization undetectable forT,Tc and in modest fields of
no more than a few hundred gauss.

EXPERIMENTAL RESULTS

For M2RuO5, the FC and ZFC temperature-depende
magnetizationM (T) differs for T,TN in fields less than a
few tesla, so all data reported here were taken ZFC, i.e., a
warming the clamp toT@TN and then cooling in zero ap
plied field to 5 K. The data were taken during extremely slo
warming to ensure thermal equilibrium between clamp a
thermometer, andTN was arbitrarily assigned to the peak
M (T). In Fig. 2 we show representative results for Tb2RuO5
using this procedure; the data shown are forH50.05 T and
pressure of 5.5 kbar. TheP50 peak inM (T) measured us-
ing the identical protocol is also indicated in Fig. 2, so t
pressure-induced reduction inTN , DTN522.2 K, is readily
apparent.

The inset to Fig. 2 shows isothermal magnetization aT
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FIG. 2. Temperature dependence of the magnetic momen
Tb2RuO5 in an applied field of 0.05 T~500 G!. The'10 mg sample
is under 5.5 kbar hydrostatic pressure. The inset shows isothe
magnetization at 5.0 K of Tb2RuO5 under the same pressure. Wit
this method, over 500 data points are taken during a field swee
a few minutes. There was no discernible shift in the field-induc
transitions as a function of pressure to within60.02 T.
3-2
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PRESSURE DEPENDENCE OF THE MAGNETIC . . . PHYSICAL REVIEW B 65 184413
55.0 K, and at the same high pressure,P55.5 kbar. More
than 500 data points were collected in about 13 min. The
steplike features atB52.61 and 3.19 T were also seen
ambient-pressure data, as well as the pulsed-field data m
suring dM/dt reported in Ref. 3. They appear to be sp
reorientation transitions associated with magnetic anisotr
though in polycrystalline materials the spin reorientation
rections cannot be determined with certainty. By carefu
differentiating theM (B) data forP50 andP55.5 kbar, we
found no pressure-induced shift of these transitions to wit
60.02 T. If these anomalies were field-induced CEF-le
crossings transitions, we might expect some shift with pr
sure along withTN . Thus the evidence points instead to th
origin as magnetic anisotropy and exchange-dominated
reorientation transitions. Finally, there is no hysteresis
served in the transitions; nor is there hysteresis atB50, sup-
porting antiferromagnetic rather than ferromagnetic order
in M2RuO5.

Figure 3 is a composite of all the pressure-depend
TN(P) measurements determined from ZFCM (T) sweeps.
Although there is a clear depression ofTN for Sm2RuO5 and
Tb2RuO5 ~the latter being nonlinear!, there is none for
Gd2RuO5, for which TN appears to be independent of pre
sure.

DISCUSSION

The antiferromagnetic ordering temperatureTN for
M2RuO5 is a function of the complex superexchange int
action, modified by the CEF interaction. For Gd2RuO5,
however, the CEF interaction should be zero to first or
because Gd31 is an S-state ion~4 f 7 configuration! with no
orbital component to the total angular momentum. Thus
understanddTN /dP'0 as due to vanishingly small CEF. I

FIG. 3. Pressure dependence of the antiferromagnetic orde
temperature of three M2RuO5 samples. The data are taken fro
temperature-dependent magnetization sweeps similar to tha
Fig. 2.
18441
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addition, the data show that the superexchange respon
for M-M coupling is pressure insensitive, at least in this mo
est pressure range. Finally, these data show no press
induced changes in the Ru moment, already quite smal
discussed above, even though the Ru evidently prom
M-M coupling and contributes to the large linear term in t
specific heat.3

Pressure changes the CEF interaction in a generally
dictable way8,9 and can help explain the results shown in F
3. The crystal field Hamiltonian for theM sites and pertinen
to theM2RuO5 crystal structure includes a second-, fourth
and sixth-order term in the expansion of the electrostatic
tential for the surrounding seven oxygen atoms.

HCEF5~A2^r
2&/a3!O21~A4^r

4&/a5!O41~B6^r
6&/a7!O6 .

~1!

Here the coefficientsAn differ for the two inequivalentM
sites,^r n& represents the expectation value of thenth power
of the orbital radii of 4f electrons,a is the rare-earth–oxygen
ligand distance, and theOn are linear combinations o
Stevens operator equivalents.10

The coefficientsAn , as well as the composition of th
operatorsOn , depend on the precise placement of the ox
gen atoms, and this problem is highly complex because
the very lowM-site symmetry of theM2RuO5 lattice. How-
ever, we have modeled this problem by assuming that thM
ion sits in the middle of a triangular prism with one add
tional oxygen, the seventh, equidistant to the others alon
line perpendicular to one face of the prism. For Sm31 (J
55/2), which has an odd number off electrons, the CEF lifts
the sixfold degeneracy, yielding three doublets, and for Tb31

(J56) the degeneracy is lifted entirely, yielding 13 single
Tb31 being a non-Kramers ion.

Regardless of the exact level scheme, we can make s
general predictions about the pressure dependence oW,
which we define as scaling with the CEF interaction streng
This scaling energy will be proportional to the size of t
parameters in Eq.~1!:

W5a/a31b/a51g/a7, ~2!

with a proportional to A2^r
2&, etc. For Gd2RuO5, as

noted above,W50. To find the pressure dependen
of W, we differentiatedW/dP5(dW/da)(da/dP), where
da/dP is related to the isothermal compressibilit
k(52V21dV/dP) by da/dP52kr /3. Differentiating Eq.
~2! with respect toa and making substitutions, we find, afte
rearrangement of some terms,

W21dW/dP5~k/3!@312b/Wa514g/Wa7#. ~3!

Borrowing from the parametrization of Lea, Leask, a
Wolf11 and redefining their use ofx, we can relate the fourth
and sixth-order terms in Eq.~1! to the second-order term:

W4~12uxu!5b/a5, W6~12uyu!5g/a7, ~4!

withuxu,uyu<1.

HereW4 andW6 are the interaction strengths for the fourt
and sixth-order terms, respectively, if the second-order te

ng

of
3-3
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is zero andx andy weigh the relative strength of the fourth
and sixth-order terms. E.g.,x561 means the fourth-orde
term is null. We find

W21dW/dP5~k/3!@312W4~12uxu!/W

14W6~12uyu!/W#. ~5!

If, for example, the second-order term dominates, the rela
pressure dependence is justk, and if the CEF Hamiltonian
were dominated by the sixth-order term, the result would
7k/3. In any case pressure causes anincreasein W.

The relationship between the ordering temperature
the CEF interaction strength is less straightforward. In g
eral, we expect the coupling betweenM ions to be modified
by the overall CEF interaction strength, i.e
TN} f (Jex/W),12 so an increase inW would lead to a de-
crease inTN , as observed for Sm2RuO5 and Tb2RuO5.

One closed-form example ofTC vs W is the ferromagnetic
transition temperature of a CEF singlet ground-state sys
within the framework of the molecular field model. In th
case it is assumed that only the first-excited CEF level c
tributes to the molecular field.13 The relationship betweenTC
andW, which represents the singlet-triplet CEF splitting,

W5TC ln$113@12~M0!2#1/2%/$12@12~M0!2#1/2%.
~6!

Here M0 is a normalized quantity proportional to the ma
netic moment atT50 K. The argument of the ln function
increases rapidly asM0 decreases, as expected for increas
pressure. This increase drivesTC down with increasing pres
,

,
i

P
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sure as long as the increase in the ln function is more ra
than that ofW. ~This model would be more appropriate fo
Tb2RuO5 with a singlet ground state than for Sm2Ru2O5.!

The nonlinearity ofTC vs P for Tb2RuO5 may be due to
multiple mechanisms associated with the magnetic order
Sheng and Cooper14 describe such nonlinearity for highl
correlated electron systems. While Tb2RuO5 appears to be
highly correlated from measurements of the large linear h
capacity coefficient, it is an insulating system and so
model may not be applicable. The results presented here
somewhat analogous to noncorrelated systems among
heavy rare earths such as antiferromagnetic Tb12xYxSb.15

In summary, the depression with increasing pressure
TN for Sm2RuO5 and Tb2RuO5 can be attributed to an in
crease of the overall CEF interaction strength arising fr
decreasing lattice constants~increasing pressure!. While this
rule is not always followed,9 it does give a satisfactory ex
planation for the observed results in theM2RuO5 system.
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