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Pressure dependence of the magnetic ordering iM,RuOs; (M=Sm, Gd, and Th)
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The antiferromagnetic ordering temperatures of,BoQO; (Ty=19.1 K) and ThRuG; (Ty=13.1K) are
depressed with increasing hydrostatic pressure to 0.6 GPa, but thayRuG(Ty= 9.8 K) shows no change
with pressure. The depression B is consistent with an increase in the crystalline electric field interaction
strength accompanying a decreasing lattice constant. Based on the datgRuGBdthe magnetic exchange
interaction is constant in this pressure regime andRaD;, 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 Thus, at temperatures low compared to the splitting, tetrava-
lent Ru (4d%) is expected to be in §=J=0 ground state,

We present here the results of magnetization as a functioassuming the CEF quenches the orbital component of the
of pressur&? for three magnetically ordered members of theangular momentuml(=0) and accounting for double de-
lanthanide—transition-metal oxide serieéd,RuO;—for M generacy associated with electronic spin.
=Sm, Gd, and TH.M,RuQ; has a complex orthorhombic By contrast, lanthanide magnetism is more ionically based
structure, having space grofmma The Ru are coupled via thgn transition-metal mgg_nehsm, with highly localized un-
chains of corner-sharing RuGsquare pyramids. There are Paired 4 electrons providing the local moment and domi-
two inequivalent seven-oxygen-coordinatéd sites, and nating the magnetic properties. The CEF from neighboring

their polyhedra are edge sharing. S0, GA,RuO;, and ions can partially and sometimes fully lift thel2 1 degen- _

TbZREOsyorder magne%ically a1|'g— 19 % 9 8d2and0513 1 g eracy of theM Hund’s rule ground state. Because the radial
N— P .0, . y

respectively, very likely with a canted antiferromagneticeXtent of the 4 electrons tends to be much smaller than that

structure, based on very-low-field-coold®C) and zero- of the 4d electrons, the magnitude of the splitting ought to be

. ~~__significantly less than in the case of the 4lectron The
f|eldjcooled .(ZFC) temperature-dependent m_agnet'zat'onresults of the work presented here emphasize the CEF effect
studies. A highly anomalous feature bf,RuG; is a very

. I on the magnetic properties b ,RuQ; and demonstrate how
large low-temperature linear contribution to the heaty,o cEF interactioiitselfis influenced by a uniform decrease
capacity’ This is normally associated with the electronic i, |atice constant. The results support the description that for
heat capacity, but it is unexpectedM,RuQ;, all of which  \1_ruQ, the Ru moment is small and that the excited states
are insulators. are sufficiently removed in energy from the ground state that

In M,;RuG; both theM and Ru ions can, in principle, they are not observably pressure dependent. There is clear
support localized magnetic moments because of the unfillegvidence, however, that Ru mediates and promotes ordering
4f and 4 shells, respectively. In most metallic ruthenates,among theM ions?3
the 4d electrons drive both the low-temperature transport
and magnetic properties, achieving magnetic ordering as
high as 165 K(Ref. 4) in the Ruddlesden-Popp&RP) series
ruthenates. Most are highly correlated electron materials Black polycrystallineM ,RuQ; samples, all of which are
with large electronic heat capacitieé$n the RP systems, the insulators  with room-temperature  resistivities, p
Ru ion is in an octahedral cage of six nearest-neighbor oxy~ 1000 cm, were grown using the solid-state reaction pro-
gens, where the Ruddelectrons are involved in bonding cedures outlined elsewhete.
with the surrounding oxygemp orbitals. This leads to the ~ The pressure-dependent magnetization measurements
familiar crystalline electric field CEF) splitting of the 4 M(H,T,P) were carried out in a manner described eaflier,
orbitals into the stationary states of doubly degenezg@nd  but using an entirely new apparatus. A self-locking clamp
triply degeneraté,, levels, the latter lying lowest in energy. device machined and then hardened from high-purity beryl-
For M;RuG;, however, five nearest-neighbor oxygens sur-ium copper provides the hydrostatic pressure. The dimen-
round the Ru, forming Rupsquare pyramids instead of sions of the main body are 0.80i length by 0.437 diam-

RuGQ; octahedra. Defining the tip of the pyramid along the eter, and the bore is 0.125A Teflon bucket located in the
direction, this alters the splitting so that the lowest-energyclamp body center is filled with the hydrostatic medium, 1:1
state is a doubletd,,,d,,) followed by three progressively isoamyl alcohol and-pentane, and it also contains a small
higher-energy singlets:d,,, d2, and di-di, respectively. disk of Pb, used as a superconducting manometer. Pressure is

EXPERIMENTAL PROCEDURE
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FIG. 2. Temperature dependence of the magnetic moment of

Th,RuG; in an applied field of 0.05 T500 G. The~10 mg sample

is under 5.5 kbar hydrostatic pressure. The inset shows isothermal
magnetization at 5.0 K of THRuO; under the same pressure. With
this method, over 500 data points are taken during a field sweep of
a few minutes. There was no discernible shift in the field-induced

Heater/ transitions as a function of pressure to withif®.02 T.
thermo-
meter i
\‘/ length. However, 100% of the sample moment is detected. At
\/ full field the clamp-only background is typically about 0.15

emu diamagnetic, and it is less than 0.01 emuBer2 T.

o . Data are recorded continuously as a function of field for 0
FIG. 1. Pressure-dependent magnetization apparatus showmg<215<9 T or temperature for 2 T<300 K.

9-T high-homogeneity superconducting mag(@01% over 1.if), Pressure was determined in these experiments by measur-

the pressure clamp assembly which is attached to the drive rod of @\ ybo jiifferential in the superconducting transition tem-
vibrating sample magnetometer, and an outline of the variable- rature T, between a Pb disk located inside the high
. -

temperature gas-flow cryostat used for temperature regulation. THE®

sample is located in a hydrostatisoamyl alcoholi-pentang pres- pressure Ch&:)mbler ang anotfg)_er Pb disk at tr?e sar_‘r&e
sure medium in a Teflon capsule at the center of the clamp alonbemperature, ut located at ambient pressure on the outside

with one Pb superconducting manometer. The clamp body Is 0.8°f the clgmﬁ (see Fig. 1. The accuracy of the pressure de-
long by 0.437 OD and the bore is 0.125The clamp has a mass of t€rmination using this method was abati@.2 kbar. The su-
about 13 gm, the sample typically about 10 mg. The entire Samp|perconduct|V|ty of the Pb manometers is quenched and their
moment is detected by the pickup coils, but only a small fraction ofMagnetization undetectable for< T and in modest fields of
the clamp moment is detected due to the high-homogeneity field)0 more than a few hundred gauss.

which reduces eddy currents in the clamp, and canceling of the

clamp moment due to its length and symmetry. EXPERIMENTAL RESULTS

exerted using a hydraulic press and secured with lock nuts For M,RuQ;, the FC and ZFC temperature-dependent
located at both ends of the symmetric clamp. The pressurizeghagnetizationM (T) differs for T<Ty in fields less than a
clamp attaches securely to the end of the drive rod of dew tesla, so all data reported here were taken ZFC, i.e., after
vibrating-sample magnetomet@EG&G-4500, which is in-  warming the clamp tdar>Ty and then cooling in zero ap-
tegrated with a 9-T high-homogeneity superconducting magplied field to 5 K. The data were taken during extremely slow
net. The general features of the high-pressure magnetizatiomarming to ensure thermal equilibrium between clamp and
apparatus are seen in Fig. 1. thermometer, andy was arbitrarily assigned to the peak in
For this method of measurement, the mass of the samplE (T). In Fig. 2 we show representative results foLRoO;
is typically 10 mg or less, whereas the clamp has a mass afsing this procedure; the data shown areHor 0.05 T and
about 13 g. Although the magnetic moment of the entirepressure of 5.5 kbar. THe=0 peak inM(T) measured us-
clamp-sample complex is, in principle, detected by the seriegg the identical protocol is also indicated in Fig. 2, so the
opposing pickup coils located inside the magnet, only goressure-induced reductionr, ATy=—2.2 K, is readily
small fraction of the clamp moment is detected due to canapparent.
celing of its moment because of its high symmetry and its The inset to Fig. 2 shows isothermal magnetizatiofT at
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20 P L L addition, the data show that the superexchange responsible
¢ ] for M-M coupling is pressure insensitive, at least in this mod-
. m\ est pressure range. Finally, these data show no pressure-

P , induced changes in the Ru moment, already quite small as
] discussed above, even though the Ru evidently promotes
16 | ] M-M coupling and contributes to the large linear term in the

specific heat.

Pressure changes the CEF interaction in a generally pre-
dictable wa§® and can help explain the results shown in Fig.
3. The crystal field Hamiltonian for thigl sites and pertinent
to the M,RuG; crystal structure includes a second-, fourth-,
and sixth-order term in the expansion of the electrostatic po-
tential for the surrounding seven oxygen atoms.

T (K)

Heer= (Ax(r?)/a%)0,+ (Ay(r*)/a®) O+ (Bg(r®)/a’) Og.

D

g b e Here the coefficient®\, differ for the two inequivalentv

0 1 2 8 4 s 6 sites,(r") represents the expectation value of tite power
P(kbar) of the orbital radii of 4 electronsa is the rare-earth—oxygen

) ) _ligand distance, and th®, are linear combinations of
FIG. 3. Pressure dependence of the antiferromagnetic ordenngtevenS operator equivaleﬁ?s.

temperature of three MRuQ; samples. The data are taken from
temperature-dependent magnetization sweeps similar to that
Fig. 2.

The coefficientsA,,, as well as the composition of the
(gperatorson, depend on the precise placement of the oxy-
gen atoms, and this problem is highly complex because of
) the very lowM-site symmetry of thévl,RuG; lattice. How-
=5.0K, and at the same high pressufe; 5.5 kbar. More  ever, we have modeled this problem by assuming thahthe
than 500 data points were collected in about 13 min. The WGon sits in the middle of a triangular prism with one addi-
steplike features aB=2.61 and 3.19 T were also seen in tjonal oxygen, the seventh, equidistant to the others along a
ambient-pressure data, as well as the pulsed-field data megye perpendicular to one face of the prism. For33n{(J
suring dM/dt reported in Ref. 3. They appear to be spin —5/2) which has an odd number félectrons, the CEF lifts
reorientation transitions associated with magnetic anisotropyne sixfold degeneracy, yielding three doublets, and fét'Tb
though in polycrystalline materials the spin reorientation di'(J:6) the degeneracy is lifted entirely, yielding 13 singlets,
rections cannot be determined with certainty. By carefully,3+ being a non-Kramers ion.
differentiating theM (B) data forP=0 andP=5.5 kbar, we  Regardless of the exact level scheme, we can make some
found no pressure-induced shift of these transitions to Wlthlr'genera| predictions about the pressure dependencd/,of
+0.02 T. If these anomalies were field-induced CEF-levelyhich we define as scaling with the CEF interaction strength.

crossings transitions, we might expect some shift with presThjs scaling energy will be proportional to the size of the
sure along withly . Thus the evidence points instead to their narameters in Eq(1):

origin as magnetic anisotropy and exchange-dominated spin
reorientation transitions. Finally, there is no hysteresis ob- W=ala®+ pla’+ yla’, 2
served in the transitions; nor is there hysteresB-aD, sup-

: . . , _with « proportional to Ay(r?), etc. For GdRuQ;, as
ﬁ]olr\i:nglj:lg:lferromagnetlc rather than ferromagnetic orderlnq10ted above, W=0. To find the pressure dependence
2 .

f W, we differentiatedW/dP=(dW/da)(da/dP), where
a/dP is related to the isothermal compressibility,
k(=—-V~1dV/dP) by da/dP= — «r/3. Differentiating Eq.
(2) with respect taa and making substitutions, we find, after
rearrangement of some terms,

Figure 3 is a composite of all the pressure-dependen
Tn(P) measurements determined from ZIRQ(T) sweeps.
Although there is a clear depressionTgf for SmRuQ; and
Th,RuG; (the latter being nonlinear there is none for
Gd,RuG;, for which Ty appears to be independent of pres-

sure. W tdWidP=(«/3)[3+2B/Wa+4y/Wa']. (3

Borrowing from the parametrization of Lea, Leask, and
Wolf*! and redefining their use of we can relate the fourth-
The antiferromagnetic ordering temperatufg, for ~ and sixth-order terms in Eq1) to the second-order term:
M,RuG; is a function of the complex superexchange inter- 5 PR
action, modified by the CEF interaction. For &RlQ;, Wo(1-|xl)=pra>, We(1=lyp=v/a’, )
however, the CEF interaction should be zero to first order
because Gt is an S-state ion(4f’ configuration with no
orbital component to the total angular momentum. Thus weHereW, andWg are the interaction strengths for the fourth-
understandi Ty /dP~0 as due to vanishingly small CEF. In and sixth-order terms, respectively, if the second-order term

DISCUSSION

with|x|,|y|<1.

184413-3



R. P. GUERTIN AND S. McCALL PHYSICAL REVIEW B65 184413

is zero andk andy weigh the relative strength of the fourth- sure as long as the increase in the In function is more rapid
and sixth-order terms. E.gx==*1 means the fourth-order than that ofW. (This model would be more appropriate for

term is null. We find Th,RuQ; with a singlet ground state than for $Ru,O5.)
The nonlinearity ofT: vs P for Th,RuQ; may be due to
W™ LdW/dP=(«/3)[3+2W,(1—|x|)/W multiple mechanisms associated with the magnetic ordering.
Sheng and Coop#¥t describe such nonlinearity for highly
+4We(1-|y[)/W]. ) correlated electron systems. While ;,RuO; appears to be

If, for example, the second-order term dominates, the relativ8ighly correlated from measurements of the large linear heat

pressure dependence is justand if the CEF Hamiltonian capacity coefficient, it is an insulating system and so the

were dominated by the sixth-order term, the result would bénodel may not be applicable. The results presented here are

7x/3. In any case pressure causesirameasein W. somewhat analogous to noncorrelated systems among the
The relationship between the ordering temperature anBeavy rare earths such as antiferromagnetic J¥%,Sb.*

the CEF interaction strength is less straightforward. In gen- [N summary, the depression with increasing pressure of

eral, we expect the coupling betwekhions to be modified Tn for SmRuUG; and TBRUG; can be attributed to an in-
by the overall CEF interaction strength, i.e., crease of the overall CEF interaction strength arising from

Trn f(Je/ W), 22 s0 an increase itw would lead to a de- decreasing lattice constar{iacreasing pressuyeWhile this
crease inTy, as observed for SfRUO; and ThRUQ. rule is not always followed,it does give a satisfactory ex-
One closed-form example d%. vs Wis the ferromagnetic Planation for the observed results in thi,RuQ; system.
transition temperature of a CEF singlet ground-state system

within the framework of the molecular field model. In this
case it is assumed that only the first-excited CEF level con- The authors are grateful to Z. X. Xhou and G. Cao for
tributes to the molecular fieltf. The relationship betweefic  providing the samples for these measurements and to J. E.
andW, which represents the singlet-triplet CEF splitting, is Crow for interesting discussions. S.McC. was supported by
the Research Corporation and the National High Magnetic
W=TcIn{1+3[1-(Mo)?]"H{1~[1~(Mo)*]". 5 Field Laboratory, vxs)hich is supported by the Nati(?nal chijence
©) Foundation under Cooperative Agreement No. DMR95-
Here M, is a normalized quantity proportional to the mag- 27035 and the State of Florida. R.G. was supported by Re-
netic moment aff=0 K. The argument of the In function search Corporation Research Opportunity Award No.
increases rapidly a4l decreases, as expected for increasingRA0265 and by the Keck Foundation. He would like to
pressure. This increase driveég down with increasing pres- thank S. Foner and B. R. Cooper for useful discussions.
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