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Pressure effects on magnetic and structural properties of pure and substituted SrRuQ;
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An influence of hydrostatic pressure on phase transition temperature 7, spontaneous magnetization M,
coercive field H, and remanent magnetization M, has been investigated for the parent perovskite StRuO5 and
substituted ruthenates with decreased (Lay,SrygRuOs,SrRug¢Mng03) and increased (SrRugoCrj03) Curie
temperature. We have observed a decrease of 7~ with pressure for all of the studied samples, however, the
lowering of T with pressure (dT/dP) is not correlated with the value of T at ambient pressure. The
spontaneous magnetization and coercive field remain unchanged for most of the samples, except the
Laj,SrygRuO; sample, where spontaneous magnetization decreases with increasing pressure. For SrRuOj,
structural study by neutron powder diffraction shows clear contraction of the Ru-O bond lengths under external
pressure whereas bond angles and the orthorhombic distortion remain constant at 295 and 50 K. The weaken-
ing of the ferromagnetic interactions with increasing pressure is consistent with complex band structure effects
through a combination of modulation of the hybridization caused by contraction of the Ru-O bonds and with

the significant role of the direct Ru-Ru interactions.
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I. INTRODUCTION

Strontium ruthenate SrRuOj; is known as unique 4d tran-
sition metal ABO; perovskite that displays ferromagnetic
properties. Ferromagnetism (FM) in SrRuOs;, with T of
about 160 K,! arises from a parallel alignment of magnetic
moments of Ru/" electrons in the low-spin 4d* (t;‘2 ) elec-
tronic configuration.? Strong Ru, -0, hybridization leads
to an itinerant character of FM, evidenced by metallic con-
ductivity, reduced magnetic moment 1.6uz/Ru atom, and a
lack of saturation of magnetization to the expected 2ug/Ru
atom even in high dc field of 300 kOe.>* Since ferromag-
netic order arises in partially filled (2/3) band of Ru**, elec-
tronic transport is affected by double-exchange rules of elec-
tron hopping between Ru sites. Substitutions by lanthanide
ions or alkaline earth ions at the A site*”’ and by the 3d
transition metal ions at the B site® in SrRuO; usually sup-
press magnetic and conducting properties. The La®* substi-
tution for Sr>* results in pronounced suppression of FM; for
example, the T decreases to 75 K for Lay,SrygRuO; (Ref.
7) most likely caused by attenuation of the Ru?;-Ozp hybrid-
ization and by a change of the Ru valence state. The substi-
tution of Ru ion by Mn also rapidly suppresses FM (T,
=121 K for SrRuy¢Mn, ;03) and leads to the spin glass be-
havior for SrRuj¢Mng 3005 (Ref. 9). The Cr substitution
leads to a unique enhancement of 7 up to 188 K (Ref. 8) for
StrRug ¢Crj 105 due to the minority-band mediated double ex-
change (DE) interaction for the mixed valence ions Ru*+3+
and Cr*3* (Refs. 10-12).

The external pressure experiments are useful to modify
the magnetism in these oxides by compressing the A-O and
B-0 bonds and/or by reducing the structural distortions, i.e.,
by increasing magnitude of the atomic wave functions over-
lap on the electronically relevant B-O network. As a result,
an increase of the bandwidth W, described by empirical for-

1098-0121/2008/77(10)/104410(6)

104410-1

PACS number(s): 75.30.-m, 75.30.Kz, 61.05.fm

mula W=cos ©/[B-0]*3, where ©®=1/2(7—(B-0-B)) and
(B-O-B) is the B-O-B bond angle, and [B-O] is the B-O
bond length, should typically lead to an enhancement of the
double-exchange interactions and to an increase of 7~ under
pressure.13 However, for 4d metals, the overlap between ex-
tended 4d orbitals is sufficiently large to permit also direct
Ru-Ru exchange interactions. For metallic Ru (the Ru-Ru
distance [Ru-Ru] ~2.65 A), the overlap is too large to pro-
duce either local-moment or itinerant magnetism.'* For
SrRuOj; (the Ru-Ru distance [Ru-Ru] ~3.923 A), the over-
lap may be suitably reduced to exhibit itinerant magnetism.
Reduction of the Ru-Ru distance under pressure should lead
in this case to suppression of magnetism and lowering of T
with pressure with d In T-/dP that is inversely proportional
to Tz (Ref. 15). Neumeier et al.'® found that T of SrRuO;
decreases under hydrostatic pressure with the rate dT./dP
=-0.57 K/kbar and concluded that this value is in qualita-
tive agreement with predictions of the Wohlfarth model."
According to this model, T of a homogeneous ferromagnet
is expected to vary with pressure following the formula:

dInTc a 5
dP T, 3

where a is a slowly varying quantity'> and « denotes com-
pressibility. For a weak itinerant ferromagnet, both « and «
are positive and the first term on the right-hand side of Eq.
(1) is bigger then the second one.'> Hence, T decreases with
pressure. The value of dT-/dP found by Neumeier et al. for
SrRuO; allowed them to conclude that this compound is
weak itinerant ferromagnet.'®

In this paper, we present the results of magnetic mea-
surements performed under hydrostatic pressure for pure
and substituted SrRuO; with decreased (Lag,SrygRuOs5,
SrRuj ¢Mny ;05) and increased (SrRug¢Cr,;05) Curie tem-
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perature, hence with weakened and enhanced exchange inter-
actions. We found that 7~ decreases with pressure in all the
cases. Neutron diffraction experiments under pressure for
parent compound SrRuO; show uniform decrease of lattice
parameters, cell volume V, and Ru-O bond lengths, whereas
bond angles appear to remain constant near ~162° and 163°
at 50 and 295 K, respectively. These results point to complex
band structure effects related to the modulation of the hy-
bridization by contraction of the Ru-O bonds and possibly to
the significant role of the direct Ru-Ru interactions that cause
uniform suppression of magnetic interactions.

II. EXPERIMENTAL DETAILS

The stoichiometric SrRuOj3, La,,Sr)gRuO3, and the sub-
stituted SrRu;_,M, 05 samples, where M is Cr or Mn, have
been prepared using the standard ceramic synthesis
method.!”!® Calcination of the starting mixtures was done
for short periods of time at 800 °C to avoid the conspicuous
volatility of RuO, at elevated temperatures. The intimately
mixed powders were then pressed into pellets and fired in
air at increasing temperatures with several intermediate
grindings up to the following final synthesis conditions.
SrRu,_,M,0O; samples were obtained in air at 1100 and
1340 °C for x=0 and for x=0.1 with M =Cr and Mn, respec-
tively. The Laj,SrygRuO; sample was prepared in Ar at
1200 °C. All samples were found to be single phase and the
chemical compositions have been verified in careful EDXS
and TGA measurements, and the x-ray and neutron powder
diffractions.'® All magnetic measurements were performed
with a PAR 4500 vibrating sample magnetometer in the tem-
perature range 5—250 K in magnetic fields up to 16 kOe.
Temperature dependence of magnetization was measured ap-
plying zero-field-cooling (ZFC) and field-cooling (FC) pro-
cedure, whereas the M(H) dependence was measured after
FC in maximum applied field of 16 kOe. For these measure-
ments a miniature container of CuBe (Ref. 19) with an inside
diameter of 1.42 mm was employed as a pressure cell. A
mixture of mineral oil-kerosene was used as a pressure-
transmitting medium. The pressure at low temperatures was
determined by the pressure dependence of the superconduct-
ing transition temperature of pure tin placed near the sample.
Additionally, the measurements of ac susceptibility at ambi-
ent pressure, for various frequencies were performed with
the ACMS option of the Physical Property Measurement
System of Quantum Design.

Time-of-flight neutron powder diffraction data were col-
lected on the Special Environment Powder Diffractometer?’
at the Argonne’s Intense Pulsed Neutron Source. Diffraction
data were acquired at 295 and 50 K under the pressure of
0-5.5 kbar using a closed-cycle helium refrigerator and a
hydrostatic helium-gas pressure cell.”! The data were mea-
sured at 26=90° and analyzed by the Rietveld method with
the General Structure Analysis System code (GSAS).?> The
Rietveld refinement included approximately 1000 Bragg re-
flections over the range of d spacing from 0.5 to 5.0 A.

III. RESULTS AND DISCUSSION

Four representative samples were chosen for magnetic
measurements under pressure: the parent compound SrRuO;
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FIG. 1. (Color online) Temperature dependence of Myzg- and

M for Lag,Sry gRuO; measured at 100 Oe.

(T¢=163.3 K), Lay,Sry3RuO; (T-=70.2 K), SrRu,¢Cry 05
(T¢=184.7 K), and SrRuyoMn, ;03 (Tc=117.0 K), where
T’s were determined from the magnetization M(T) curves
as the temperature of the maximum slope of —dM/dT. For all
the samples, both at ambient pressure and under hydrostatic
pressure, marked divergence between M- and My curves
was noticed. In Fig. 1, as an example, temperature depen-
dence of M pc and My is shown for Lag,SrysRuO; mea-
sured in 100 Oe.

The temperature dependence of both real and imaginary
components of ac susceptibility for all of the studied samples
was measured at four frequencies: 10, 10, 10%, and 10* Hz;
a probing ac magnetic field of 1 Oe was applied. In Fig. 2, an
example of the temperature dependence of the real part x’
and imaginary part x” of the ac susceptibility is shown for
SrRuj oMn ;O5. The common features for all of the studied
samples may be noticed: (i) peaks observed for both x'(7)
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FIG. 2. (Color online) Temperature dependence of real (a) and
imaginary (b) part of magnetic susceptibility for SrRugoMng ;05
measured at ac magnetic field amplitude of 1 Oe. Inset to panel (a)
shows x’(7) in the vicinity of its maximum.
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FIG. 3. Pressure dependence of Curie temperature for investi-
gated samples. Values of the pressure coefficient d7./dP for each
sample, determined by a linear fit, are indicated in the figure.

and x"(T) curves are narrow, maximum of both curves oc-
curs at the temperature which is equal to 7 determined from
dc magnetic measurements, (ii) maximum of both x'(7) and
X" (T) curves does not depend on frequency, (iii) below T
susceptibility is independent of temperature. Features (i) and
(ii) indicate a presence of FM interactions, the feature (iii)
points to itinerant character of FM. It should be stressed that
for all of the studied samples no trace of spin glass behavior
was noticed, as it was observed for higher level substituted
sample SrRuy ¢;Mnj 3903.”

As one can see in Fig. 3, the ferromagnetic transition
temperature T decreases with increasing pressure for all of
the investigated samples independently on the substitution
site and on the effect of the substitution on 7. Furthermore,
lowering of T with increasing pressure (dT/dP) is not cor-
related with the value of T, at ambient pressure since the
highest (almost the same) values of dT»/dP were reached for
the samples with 7-=163.3 and 70.2 K. According to the
prediction of the Wohlfarth model [Eq. (1)] the magnitude of
d1InTc/dP should be larger for the compounds with lower
values of 7. In fact, for the studied samples, the value of the
coefficient d In T¢/dP is the highest for the La,,Sr;gRuO5
sample with 7,-=70.2K and the smallest for the
StRu oCrj Oswith T-=184.7 K but the other two samples
do not follow this trend.

For all studied samples FC hysteresis loops were mea-
sured at 7=10 K, both at ambient pressure and under hydro-
static pressure [see, for example, Fig. 4(a)]. All samples
show clear spontaneous FM moment M,, which was ex-
tracted by linear extrapolation of M(H) dependence from
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FIG. 4. (Color online) Magnetization hysteresis loops (a) and
pressure dependences of spontaneous magnetization M (b) and
remanent magnetization My (c) for Lag ,SrysRuO;3 at 7=10 K. Val-
ues of the pressure coefficients dM,/dP and dM/dP are indicated
in the figure.

high-field region to H=0. In Table I ambient pressure values
of T, spontaneous magnetization M, coercive field H,
remanent magnetization My, and dependence of these pa-
rameters on pressure are summarized. The strongest suppres-
sion of Ty, My, and My is observed for the sample with
Sr partially substituted by La. On the other hand, this
sample shows considerably enhanced coercive field of
~5 kOe—more than two times bigger than that observed for
the SrRuO; sample. Similarly enhanced coercive fields
were previously observed for the Ru deficient samples of
SrRu;_,O5 (Ref. 23). This indicates that a disorder caused by
substitution of La®** for Sr>* strongly enhances pinning of the
magnetic domain walls. Partial substitution of Ru by Mn also
leads to a suppression of ferromagnetic order—a decrease of
Tc, My, and My is clearly visible. In this case, only slight
increase of H. occurs—a disorder caused by Mn substitution
is not very effective in terms of domain wall pinning. Partial
substitution of Ru by Cr leads to an increase of T, however,
this is not accompanied by an increase of spontaneous
magnetization—both M, and My decrease. Decrease of H,
may be related, at this low level of substitution, to removal
of some amount of Ru vacancies present in SrRuOj;
sample.”* The existence of M,# 0 confirms appearance of
FM below T, reported earlier for these compounds.>”-8

The M does not change under pressure for most of the
samples, except for Lag,SrygRuO3, where it decreases with
increasing pressure—see Fig. 4(b). Comparison of the values
presented in Table I indicates that there is no correlation
between d In My/dP and d In T/dP. Such a correlation was
predicted by Wohlfarth!> and was expressed by the following
formula:

TABLE I. Values of critical temperature 7~ determined in 100 Oe, spontaneous magnetization M), coercive field H., remanent magne-
tization Mp determined at 10 K, and dependence of these parameters on pressure.

dT¢ K dinT¢ K emu M emu din M, emu dHc (kOe emu am, emu
TC (K) d_PC (Far) dPC (Far) 0 <?) d_PO (g-kbar) dP - (g-kbar) HC (koe) d_PC (Far) R (T> d_PR g-kbar)
SrRuO;3 163.3 -0.68 —-0.0042 20.3 ~0 ~( 2.1 0.03 18.0 =0
StRugoCryp, 05 1847  -0.53  —0.0029 15.2 ~0 ~0 1.7 ~0 133 ~0
StRugoMny,0; 1170 =039  —0.0033 16.0 ~0 ~0 2.3 ~0 15.0 ~0
Lag,StogRuO; 702 —-0.67  —0.0095 6.3 -0.07 -0.011 53 ~0 6.0 -0.06

104410-3



PIETOSA et al.
600
400 |-
2
= 200 i
0l
I e
[N 1 1 1 |
1.0 2.0 3.0 4.0 5.0

d-Spacing (A)

FIG. 5. Neutron diffraction pattern measured for StrRuO; at T
=50 K and P=5.5 kbar. The Bragg positions of the reflections are
indicated by vertical lines, below difference pattern between experi-
mental and calculated line is shown.
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where y, denotes ferromagnetic susceptibility at 0 K. The
last two terms on the right-hand side of Eq. (2) are usually
small for weak itinerant ferromagnets. The fact that behavior
of coefficients dInT-/dP and dIn M,/dP does not follow
fully Wohlfarth’s prediction could be understood taking into
account that the formulas were derived assuming that the
band structure remains unchanged under pressure and that
the density of states N(Ey) scales smoothly with the band-
width W. As it will be discussed below one should expect
rather complex band structure effects under pressure in the
studied compounds.

The observed changes of T~ and M can be approximated
by the linear pressure dependence with fixed pressure coef-
ficients of dT-/dP and dM/dP for Tc and M, respectively.
The coercive fields do not change with pressure, within an
experimental error, except for StRuO;, where it slightly in-
creases with increasing pressure: dH./dP=0.03 kOe/kbar.
The changes of remanent magnetization with pressure were
noticed only for Laj,SrygRuO; sample, for which My de-
creases with increasing pressure with the rate dMy/dP=
—0.06 emu/ (g kbar).
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FIG. 6. The pressure dependence of lattice parameters, average
Ru-O bond length and average Ru-O-Ru bond angle for StRuO; at
295 and 50 K.

Neutron powder diffraction was performed as a function
of pressure at room temperature (295 K) and at 50 K for the
pure SrRuO; sample. Figure 5 shows exemplary Rietveld
refinement profile. Crystallographic parameters, refinements
data, atomic positions, and thermal parameters are given in
Table II for the measurements taken at 7=50 K and P
=5.5 kbar. The crystal structure for all temperatures and
pressures was refined using the orthorhombic space group
Pbnm consistent with previous reports for stoichiometric
SrRuO; samples obtained under similar synthesis
conditions.!”?> All of the refinements were of a similar qual-
ity. In the diffraction data, neither superstructure diffraction
peaks nor unusual peak broadening were detected as a func-
tion of pressure. Figure 6 shows lattice parameters and inter-
nal structural parameters of the bond lengths Ru-O and bond
angles Ru-O-Ru for the range of pressures 0-5.5 kbar. At
both temperatures the lattice parameters as well as cell vol-
ume V show uniform decrease with the pressure. The isother-
mal bulk modulus K; was found to be equal to 1800 and to
1900 kbar at 295 and 50 K, respectively. The bond lengths
show clear decrease with pressure whereas bond angles ap-
pear to remain constant at ~162° and 163° at 50 and 295 K,
respectively. Contraction of the lattice parameters with pres-
sure appears thus exclusively from a shrinkage of the [Ru-O]
bonds, for example, (da/dP)=~22(d[Ru-O]/dP). On the
other hand, an invariance of the bond angles on pressure is

TABLE II. Crystallographic data for SrRuO; sample at 50 K and 5.5 kbar. Space Group: Pbnm,
a=5.5554(3)A, b=5.5193(2)A, ¢=7.8276(5)A, wRp=6.23%, R(F?)=7.22%. The atomic displacements are

multiplied by 100.

Ton X y z Uiso(U11) U Uss U Ups Ui
Sr —-0.0010(9) 0.0210(5) 0.25 0.36(4)

Ru 0.5 0 0 0.27(4)

o(1) 0.7227(5) 0.2785(5) 0.0288(4) 0.33(11) 0.32(11) 0.59(15) 0.03(12) 0.06(12) -0.08(11)
0oQ2) 0.0542(9) 0.4941(8) 0.25 0.55(18) 0.27(21) 0.28(25) 0.01(15) © 0
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consistent with a constant tolerance factor #(P)=[Sr-O]
~ \e“’2[Ru-O] (not shown), since these quantities are related,
t~cos20 (Refs. 17 and 26). It is also consistent with a
uniform compression of the unit cell, i.e., within the tem-
perature and pressure ranges of the measurements the struc-
tural distortions from the cubic symmetry remain constant.
This constancy indicates that the compressibility of the Ru-O
bonds is proportional to compressibility of the Sr-O bonds,
[Sr-O]~ V2[Ru-O] and the external pressure effect is quite
different from the chemical pressure effect where only one of
the bonds is changed through the chemical substitution.

Recently high pressure structural parameters were derived
for StRuO; from low-resolution x-ray diffraction experiment
to 250 kbar.2” Since these x-ray measurements could not
determine the atomic positions within the unit cell, the
Ru-O-Ru bond angles were estimated from the lattice param-
eters dependence on pressure, and inferred to decrease ini-
tially at a rate of —0.086 deg/kbar. This is not supported by
our high-precision measurements for a lower range of pres-
sures as discussed previously. We suspect that the origin of
the disagreement comes from contraction of the Ru-O bond
lengths under pressure at a rate similar to contraction of the
Sr-O bonds. The Ru-O bond length contractions were not
accounted for in Ref. 27. Inclusion of Ru-O bond length
contraction is critical to interpretation of structural results
and understanding of their effect on Curie temperature.

The decrease of T, with pressure for SrRuO; was re-
ported earlier and explained in terms of compressive strain
acting on sample.'® Our pressure coefficient dT./dP=
—0.67 K/kbar is in good agreement with that reported in Ref.
16 (-0.57 K/kbar). Our structural and magnetic data indi-
cate that the major result of application of external pressure
is contraction of the Ru-O bonds that leads to decrease of 7.
While this is contrary to expectation of a rapid increase of
the band width and concomitant enhancement of double-
exchange FM interactions, it is consistent with suppression
of magnetism due to direct exchange interactions through
decrease of Ru-Ru distance at a rate of d[Ru-Ru]/dP
~0.0007 A/kbar. Detailed band structure calculations
should be performed to elucidate observed behavior that is
independent of the substitution made in SrRuO; and T(P
=0). Below we make some speculations concerning mag-
netic behavior for specific compounds.

A considerable suppression of T in Laj,Sr, gRuO;, when
compared to STRuO; at ambient pressure, has been attributed
to attenuation of Ru-O hybridization, caused by chemical
pressure from La ion.” The external pressure creates further
attenuation of Ru-O hybridization evidenced by negative
pressure coefficient (=0.67 K/kbar, Fig. 3), in such a way
that some magnetic moments become less itinerant, and as a
result, the Ru,zg—Ozp-Ru,zg antiferromagnetic (AFM) superex-
change interactions are expected at the cost of FM ones.’
This may lead to a decrease of M, with pressure for this
sample [Fig. 4(b)]. In the case of SrRu,¢Cr, 05 we observe
a weakening of Ru,zg-02p-Crt2g DE interactions evidenced by
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decrease of T with increasing pressure (—0.53 K/kbar, Fig.
3). The spin-down electron in Ru, band becomes more
localized giving no contribution to ‘AFM coupling of the
Ru and Cr ions.!? Therefore, M, remains constant with in-
creasing pressure. For SrRuyoMn, ;05 the external pressure
probably affects Ru-O hybridization in such a way that it
decreases the itinerancy of the Ru 4d electrons and conse-
quently weakens the FM coupling. It is evidenced by
the decrease of T, with increasing pressure (d7./dP
=-0.39 K/kbar, Fig. 3). The M, remains constant with
increasing pressure similarly to that of SrRuO; and
SrRug oCry ;O5. Therefore, FM phase volume is not sup-
pressed under pressure. The Mn substitution for Ru seems to
be the single factor responsible for controlling the FM phase
volume in SrRuyoMn, ;O3 (Ref. 9).

IV. CONCLUSIONS

An influence of hydrostatic pressure on phase tran-
sition temperature 7., spontaneous magnetization M,
coercive field H,, and remanent magnetization My, of
(Sr,La)(Ru,Cr,Mn)O; has been investigated. We have ob-
served a decrease of T with pressure for all of the studied
samples. The spontaneous magnetization M(P) and coercive
field remain unchanged for most of the samples, except the
Lay,SrygRuO; sample, where M, decreases with pressure.
Since within studied pressure range up to 11 kbar, the
Ru-O-Ru bond angles remain unchanged and Ru-O bonds
decrease, suppression of magnetism cannot be explained by
decrease of DE interactions. The weakening of the FM inter-
actions with increasing pressure is thus most probably re-
lated to complex band structure effects that include direct
Ru-Ru interactions and the modulation of the hybridization
caused by contraction of the Ru-O bonds. It should be
pointed out also that it is possible to describe the overall
suppression of 7 in these ruthenates within a simple Stoner
model. The observed Ru-O bonds decrease increases the
overlap between Ru and oxygen orbitals, increasing the ef-
fective bandwidth. The concominant decrease in the density
of states at Fermi level would lead than to a decrease of the
Curie temperature. Studies of correlation of structural and
magnetic properties at higher pressures are necessary to elu-
cidate the dominant role of direct Ru-Ru and indirect
Ru-O-Ru exchange interactions.
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