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Pressure-induced decay of the Griffiths phase and accompanying exchange-bias
collapse in Gdg 551y 5C00;.5
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The effect of pressure on both ferromagnetic (FM) cluster phase and the Griffiths phase (GP) was investigated
in disordered cobaltite Gd,sSrg5C003.5, exhibiting low 7c = 90 K, high Griffiths temperature 75 = 220 K, and
the exchange bias (EB) effect, which exists exotically inside GP. It was found that applied pressure leads to a
decrease of T¢ with a coefficient of d7¢/dP = —1 K/kbar and dramatically suppresses GP, resulting in a rapid
decrease in T; at a rate of d7g/dP = —3.6 K/kbar. Similarly, the EB field does not change significantly in the
FM phase but it promptly collapses with pressure in GP, e.g., the EB field decreases four times under 10 kbar at
140 K. It appears that external pressure effectively eliminates local structure deformations that are responsible for
magnetically ordered clusters existing above T¢. It is suggested that the well-known pressure-induced transition
from the high-spin Co®* state to the low-spin state is mainly responsible for the observed decay of the Griffiths

phase and simultaneous EB collapse, as well as, for a decrease in 7¢ under pressure in Gdy 551y 5sC00Os5.s.

DOLI: 10.1103/PhysRevB.101.224433

An intrinsic electronic inhomogeneity is a very relevant
feature of complex oxide compounds like manganites or
cobaltites. They exhibit phase separation, i.e., a coexistence
of different phases with variety of electronic, structural,
and magnetic properties. The examples of such materials
are: metallic ferromagnetic droplets in an insulating back-
ground or vice versa insulating droplets in a metallic fer-
romagnet. The length scales of these inhomogeneities range
from nanometers to micrometers. Phase separation leads
to many interesting properties of these compounds, among
others to an appearance of exchange-bias (EB) effect. Fer-
romagnetic (FM) perovskite cobaltites R;_,M,CoOs (R =
rare earth metal, M = Ca, Sr, Ba) exhibit additional excep-
tional physical properties, primarily due to the alternating
spin states of the Co ion: low-spin (LS) S = 0, intermediate-
spin (IS) S =1, and high-spin (HS) S = 2, that can coex-
ist in the crystal depending on doping, temperature, crys-
tal structure deformations, and external pressure [1-5]. The
coupling between the Co spin state and the lattice supports
the magnetic phase separation, which manifests itself in the
coexisting FM, spin glass (SG), and nonmagnetic nanoscale
regions [6-8] and provides below 7¢ the FM cluster glassy
behavior [8] and specific EB effect [9,10], which is emergent
due to exchange interaction at the FM/SG interface [11-14].
A diversity of Co spin states can also favor the Griffiths
phase (GP), representing short-range FM clusters embedded
in a paramagnetic matrix that exhibit nonanalytical magnetic
behavior between T¢ and the Griffiths temperature Tg [15].
The quenched disorder in the structure, i.e., the presence of
random local lattice distortions due to size mismatch of the
dopant ions, is one of the main reasons for the formation of GP
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in perovskites [16]. Interestingly, the clear GP revealed by the
downward deviation in the inverse susceptibility x ! from the
Curie-Weiss (CW) law below Tg was found in La;_,Ca,Co0Oj3
cobaltites [17], in contrast to the non-Griffiths-like behavior
(namely the upward deviation in x ~!' from the CW law) re-
ported for Sr- and Ba-doped compounds [18,19]. The different
behavior is probably due to the fact that the Co-Co interactions
are antiferromagnetic (AFM) linked to HS Co®" states in the
crystals with expanded lattice, doped with larger Sr and Ba
ions, while they are FM associated with the IS Co** states
in the case of doping with Ca ion [4,20,21]. An exceptional
situation was found in disordered Gdg 5Sry5sCoO5_s in which
the Griffiths phase, resulting from the replacement of the La
ion by the smaller Gd ion, extends above Tc up to Tg ~
2Tc. More interestingly, this GP demonstrates a noticeable
EB effect, suggesting the coexistence of both FM and AFM
nanoscale phases above T¢ [22]. This is a reminiscent of the
transition from the non-Griffiths-like behavior to the Grif-
fiths phase, caused by a decrease in particle size reported in
Lag7Sry3C005 [23]. External pressure is also a tool that can
change the magnetic state of cobaltites due to the well-known
pressure-induced transition from the HS Co’* state to the LS
state [24]. In the present paper, we show that the applied
pressure lowers T¢ in Gdgs5Sry5C0o0ss and strongly sup-
presses GP, while the associated EB simultaneously collapses.
We suggest that external pressure effectively eliminates local
structure deformations responsible for the coexistence of both
FM and AFM nanoclusters above ¢ and the pressure-induced
decrease in the Co®* spin state plays an important role in this
process.

The pressure study was performed on polycrystalline
Gdy 5519 5C003.5 sample for which the simultaneous coex-
istence of both the Griffiths phase and exchange bias effect
at temperatures above T¢ was recently found [22], see also
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FIG. 1. (a) Temperature dependence of the ZFC and FC magne-
tization of Gdg 5Sry5C00;5.s measured in 100 Oe at ambient pressure
and at P = 10.4 kbar. The upper inset shows pressure-induced shift
in temperature of minimum of the derivative dM/dT, associated
with T¢, and the lower inset shows a decrease of blocking tem-
perature 7z under pressure. (b), (c) Change of sign in pressure
coefficient dT/dP (b) and increase of the unit cell volume V¢ (c)
with increasing average R-site cation radius in half-doped cobaltites
Ry 5sMysCoOs, where R = La, Gd, and M = Ca, Sr, Ba.

Ref. [25] for details of the sample preparation and char-
acterization. The dc magnetization measurements, such as
temperature dependences recorded in fixed magnetic field and
hysteresis loops at fixed temperature in both field cooling (FC)
and zero field cooling (ZFC) modes, for the temperature range
10-290 K, in magnetic field up to 15 kOe, were performed
using the Princeton Applied Research (Model 4500) vibrating
sample magnetometer. Magnetization measurements under
hydrostatic pressure up to 10.4 kbar were performed us-
ing a miniature container of CuBe with an inside diameter
of 1.4 mm [26] exploiting the silicon oil as a pressure-
transmitting medium. The pressure at low temperatures was
determined by the known pressure dependence of the super-
conducting transition temperature of pure tin.

Figure 1 presents the temperature dependence of ZFC and
FC magnetization of Gd5Sry5C003.5s measured in 100 Oe
at ambient pressure and at P = 10.4 kbar. Applied pressure
leads to a decrease of both blocking temperature 73 and the
Curie temperature Tc, see insets in Fig. 1, where T3 is the tem-
perature of maximum in ZFC magnetization and Tt is defined
as temperature of minimum in derivative d Mpc/dT . Obtained
pressure coefficient d7¢c/dP = —1K/kbar is compared in
Fig. 1(b) with those previously found for LagsM(5Co0O3
(M = Ca, Sr, Ba) half-doped cobaltites [27]: the coefficient
dTc/dP monotonically increases and changes sign with in-
creasing average M-site cation radius (calculated for the nine-
fold oxygen coordination), and/or with increasing the unit
cell volume [see Fig. 1(c)]. Very similar behavior has been
observed previously for low-doped Lag sM(,CoO3 (M = Ca,
Sr, Ba) cobaltites and was well described in terms of compet-
ing pressure-induced changes in the eg-electron bandwidth W
and crystal-field #,4-e, splitting energy A [27]. In general,
the Tc of doped cobaltites is determined by the compet-
ing bandwidth W and crystal-field energy A.s, namely, it is
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FIG. 2. The inverse dc susceptibility x~! of GdgsSrg5C00s.4
as function of temperature, measured in magnetic field of 10 kOe,
at P =0 (a) and under pressure of 10.4 kbar (b). The solid lines
are CW fits accomplished for the PM state, and the insets show
deviation from the CW law below the Griffiths temperature 7. The
Griffiths phase (GP) region, selected between temperatures 7c and
T, collapses under pressure. (c) The remanent magnetization M,,
measured at H = 0 after FC with 15 kOe, shows a decrease of
temperature at which FM clusters appear (indicated by arrows) under
pressure.

proportional to the effective energy (W/2 — A s + Jex), Which
is a measure of the population of magnetic IS state [28].
Both energies, W ~ cosw(dco0)™>° and A ~ (dco-0) ™,
always increase under pressure due to contraction of the
Co-O bond length dc,.0, as well as, of bending angle v =
(180° — (Co-0O-Co))/2, while the Hund’s coupling J.x does
not depend on pressure. It appears that the pressure coefficient
dTc/dP is strongly dependent on the A to W ratio. It was
calculated in Ref. [27], using typical bond length and bond
angle compressibility data for cobaltites, that the d7¢/dP
coefficient becomes negative when A /W > 0.38. It means
that the population of nonmagnetic LS state increases and T¢
lowers under pressure in compounds with narrow bandwidth
W and small enough 7¢. This requirement complies well with
the values of d7c/dP = —1 K /kbar and Tz = 90K observed
for Gdg5Sry5Co0;5.s5. In contrast, LagysSrysCoO5; exhibits
positive dTc /dP = +1.07 K /kbar and high 7c = 260 K. This
difference demonstrates the robust Gd for La substitution
effect in Sr-doped cobaltites, leading to the narrow bandwidth
W and large splitting energy A, and, therefore, to the low T¢
and negative coefficient d7¢/d P in Gd 551y 5C00s3.5.

Figures 2(a) and 2(b) present the dc inverse susceptibility
x ! as a function of temperature recorded in magnetic field
of 10 kOe in the temperature range between 10 and 290 K
at P =0 (a) and under pressure of 10.4 kbar (b). The pre-
sented x ~!(T') curves clearly reveal the Griffiths singularity in
Gdy 5S195C005_s even if it is significantly suppressed by large
applied field of 10 kOe, as compared to that measured with
H = 100e at P = 0, which was well described in Ref. [22] by
the power law x ! oc (T /TcR — 1)'* proposed for the system
of FM clusters with randomly distributed sizes embedded in
the paramagnetic (PM) matrix [29,30]. Notice that, despite
of large magnetization contribution from the PM phase, we
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FIG. 3. Magnetization hysteresis loops of Gdy 5519 5C00s5.s, typ-
ical for FM phase (T = 20K) and for the Griffiths phase (T =
140 K), measured with cooling field H.,, = 15 kOe at ambient pres-
sure P = 0 (a). Loops measured at both P = 0 and P = 10.4 kbar at
temperatures of 20 K (b) and 140 K (¢), shown in the extended scale.
Arrows indicate the negative H; and positive H, coercive fields (b)
and a pressure-induced shift in EB field at 140 K (c).

used the high measuring field of 10 kOe providing precise
x data and allowing to fix precisely the temperature 7g
below which x ! starts to deviate downward from the CW
law [see insets in Figs. 2(a) and 2(b)]. It is demonstrated
in Figs. 2(a) and 2(b) that the temperature region for which
the CW law x = C/(T — ) thoroughly obeys, extends under
applied pressure, indicating the pressure-induced loss of the
FM clusters and temperature 7 decreases significantly. Thus,
the applied pressure extensively modifies the magnetic phase
diagram of Gd 5Sr9.sC003_5, namely, the temperature region
of pure PM phase expands under pressure while that of coexis-
tence of GP and FM phases contracts. Note that observation of
pressure-induced annihilation of the FM clusters in perovskite
cobaltites is exclusive. This exceptional behavior is confirmed
further by the pressure-dependent remanent magnetization
M., measured at zero field after field cooling with H = 15 kOe
accomplished at each temperature. It is demonstrated in
Fig. 2(c) that M;, which is a measure of the FM cluster-phase
volume, disappears at about the same temperatures 7 that
were determined from the x~! data, presented in Figs. 2(a)
and 2(b) at P = 0 and under pressure of 10.4 kbar.

Useful information on pressure-induced changes in Co spin
state is obtained from the analysis of CW linear behavior

in the PM region above 7g. The CW fit [see the bold lines
in Figs. 2(a) and 2(b)] gives the Curie constant C equal to
0.0214 emu K/g Oe at P = 0 and 0.0204 emu K/g Oe at 10.4
kbar, both obtained with 1% accuracy. Accordingly, the effec-
tive PM moment pei = gug[S(S + 1)]'/? changes from 6.27
to 6.105 ug under 10.4 kbar pressure. The peg includes both
Co and Gd** contributions, and we assume that the paramag-
netic Gd** ions are free and have effective moment p%9 ; =
7.8 up (calculated for spin S = 7/2 and g = 2) which does
not depend on pressure. After subtracting the Gd** contribu-
tion by means of relation: p<°,;; = [(pesr)® — 0.5(p% )" 1172,
one obtains that the effective Co moment p“°, diminishes
its value from 2.96 ug (under ambient pressure) to 2.62 ug
(under pressure of 10.4 kbar), while the average value of Co
spin S,y reduces from 1.065 to 0.903. The result replicates
the specific feature of cobaltites to change the Co’* spin state
from magnetic HS or IS states to the nonmagnetic LS state
under pressure due to the contraction of bond length dcy.o.
This mechanism is understandable since the ionic radius of LS
Co’t (0.545 A) is smaller than that of IS Co®t (0.56 A), and
the difference is likely responsible for the pressure-induced
decay of the FM clusters in Gd 5519.5C003.5.

In order to obtain further insight into nature of pressure-
induced conversion of GP to the pure PM phase, the effect
of pressure on EB, which is a prominent feature of GP in
Gdy 5519 5C003.5, signifying the coexistence of short-range
FM and AFM cluster phases in the temperature range between
Tc and Tg, was investigated. Figure 3 shows the magnetization
hysteresis loops representative for the FM cluster phase (T =
20K) and GP (T = 140K), all measured with cooling field
15 kOe at P = 0 and under pressure of 10.4 kbar. One can
noticed the shift of hysteresis loop center for both FM phase
and GP, defined as negative EB field Hgg = (H; + H)/2,
where H; and H, are the negative and positive coercive fields,
respectively. Figure 4(a) presents the Hgpg vs temperature
curves at several pressures. They show that applied external
pressure does not change significantly the field Hgp in the FM
phase but it dramatically suppresses Hgg in the GP. Notably,
EB vanishes closely at the same temperature 7, at which the
x~N(T) dependence is found to deviate from the CW law [see
Figs. 2(a) and 2(b)]. This proves that EB is inherent to GP of
Gdy 5819 5Co03.5, hence, GP may be detected in the sample
by measuring EB. With increasing pressure, the temperature
range of EB existence progressively contracts and the field
Hgp weakens. It results that 7 decreases linearly with pres-
sure with coefficient d7g/dP = —3.6 K/kbar [see Fig. 4(b)].
At an applied pressure of 10.4 kbar, the field Hgg decreases by
more than four times at 7 = 140 K and completely disappears
at temperatures 7' > 170 K. In contrast, the average coercive
field Hc, defined as Hec = (H, — H;)/2 (it is a half width of
the loop), does not change visibly [see Fig. 4(c)]. Contrasting
Hc and Hgp vs P dependences may provide insight into the
nature of FM clusters in GP. For small single-domain FM
nanoparticles, the coercive field Hc is expected to decrease
with reducing particle diameter D according to the law H¢
1 — (Ds/D)?, where Ds is the particle diameter at which
the superparamagnetic limit (Hc = 0) is reached [31]. Such
behavior has been well verified for both manganite [32] and
cobaltite [33] FM nanoparticles with size D < 20 nm. Since
the Hc value at T = 140 K remains almost unchanged under
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FIG. 4. (a) Exchange-bias field Hgg as function of temperature
at several pressures. The nonmonotonic Hgg vs T dependence is
characteristic of GP. (b) Linear decrease of the Griffiths temperature
T with pressure with coefficient d7/dP = —3.6 K/kbar. For both
Hggp (c) and remanent magnetization M, (d) a linear decrease with
increasing pressure is observed at 7 = 140K, while the coercive
field Hc is invariable (c).

pressure [see Fig. 4(c)], one can expect that the FM cluster
size does not change. This is surprising since the EB field
is known to depend strongly on the cluster size in phase-
separated FM/AFM systems. In order to clarify this issue,
we investigated the field Hgg as a function of cooling field
Heoo1 at T = 140K at several pressures, see Fig. 5(a). One can
notice that despite a strong suppression of Hgpg under pressure,
the character of the Hgp(H.o01) dependence exhibits the same
tendency. Basing on the Hgp vs H.oo dependence, the average
cluster size can be estimated using the model considering a
system of single-domain FM clusters embedded in the AFM
matrix [34]:

Hep o J[(J 1o/ (gus)* )L(iHeool /KB Tr) + Heootl, (1)

where J is the interface exchange constant, g = 2 is the Lande
factor, ug is the Bohr magneton, L denotes the Langevin
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FIG. 5. (a) EB field Hgg as a function of cooling field Hcool
at T = 140K at several pressures. Solid lines represent the best
fits with Eq. (1). The FM cluster size D (b), interfacial exchange
interaction J/gup (c), and ratio J/gugD (d) versus pressure.

the values of fitting parameters N and J calculated for the each
value of applied pressure. Based on the obtained values of N
and taking into account that the freezing temperature 7; here is
in fact the pressure-dependent temperature Tg [see Fig. 4(b)],
the FM cluster size D at each applied pressure was estimated.
The above analysis shows that both cluster size D ~ 6.5 nm
and interface exchange interaction J/gug ~ 50 kOe are prac-
tically unchanged under pressure up to 10 kbar [see Figs. 5(b)
and 5(c)]. This conclusion leads to difficulty in interpretation
of observed fourfold reduction in the field Hgg under pressure
of 10 kbar at 140 K, presented in Fig. 4(c). Previously, the
EB effect in GP of GdjsSry5C0o0;s has been interpreted
within the simple Meiklejohn-Bean (MB) model regarding a
system of small isolated FM clusters embedded in the AFM
matrix [22]. Within MB model the Hgg is determined by the
ratio of the interfacial exchange energy J to the product of
magnetization Mgy and thickness fpy of the FM layers and
depends on both AFM anisotropy Kapy and thickness of the
AFM layers tapyv [36]:

Y2 for R> 1

_ (=J/Mpmten)(1 — 1/4R?)
Hen = 0 forR<1

€5

where the parameter R = Kapmfapm/J determines the region
of existing EB in the system, namely, the EB exists only when
R > 1, i.e., when the AFM anisotropy energy Kapm fapm 1S
large enough, and Hgg = 0 when R < 1. In the case of a
system comprising the FM clusters of size D, distributed in an
AFM matrix, one needs to replace fgy by D/6. It appears that
Eq. (2) is not capable to explain the strong pressure-induced
decrease of field Hgg observed at 140 K in Gdg 5Srg 5C003.5,
since the ratio J/D is nearly unchanged under pressure [see
Fig. 5(d)], while the term (1 — 1/4R?)!/? can only decline by
15% when R varies between large values and 1. Most likely,
the inconsistency arises since the structure of the coexisting
FM and AFM phases in GP is actually more complex than
that which is considered in the above model. An additional
difficulty in interpretation of peculiar pressure-dependent EB
appears because the number of FM clusters in the system
varies under pressure. Actually, it is puzzling why some FM
clusters annihilate under pressure while others do not change
the size. If so, the concentration of FM clusters should de-
crease by more than two times upon application a pressure of
10 kbar at 140 K, as follows from the remanent magnetization
M, data shown in Fig. 4(d). Such a process is consistent with
the observed pressure-induced conversion of the GP to pure
PM phase.

Most likely, the coexisting FM and AFM nanoclusters,
responsible for both GP and EB, reside randomly at the local
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lattice distortions caused by the mismatch between the sizes
of the Gd and Sr ions. These deformed localities hold an
expanded lattice and therefore hold Co states with higher spin
(HS and IS states) and stronger Co-Co exchange interactions,
allowing emergence of the FM and AFM phases in the system.
Applied pressure compresses the lattice, effectively remov-
ing the local structure deformations through a well-known
pressure-induced transition from HS state to the LS one. Such
a spin-state conversion is preferable because the Co** ion size
at LS state is much smaller than in the HS state. Likely, the
applied pressure, through this spin-state transformation selec-
tively removes the centers of quenched disorder represented
by the FM and AFM ordered regions above 7¢. The above
analysis of CW behavior in Gd 5519 5C003.s shows that the
average value of Co spin reduces from 1.065 to 0.903 under
pressure of 10.4 kbar. Therefore, we assume that the mech-
anism of the variable spin state may be responsible for the
pressure-induced decay of the Griffiths phase and the simulta-
neous exchange-bias collapse in this phase. We also note that
due to this specific mechanism inherent in cobaltites, the Grif-
fiths temperature 7g in Gdj 5Sr95C003.5 speedily decreases

with pressure with the coefficient d7g/dP = —3.6 K/kbar.
This contrasts strongly with the slight increase in 7 with
pressure at a rate of d7g/dP ~ +0.16 K/kbar found for the
Dy;5Si3Ge intermetallic compound [37].

In summary, we have shown that the applied hydrostatic
pressure decreases T¢ in GdgsSry5C00s.5, in good agree-
ment with the trend observed for cobaltites with a narrow
bandwidth W. More interestingly, it was found that pressure
strongly suppresses the Griffiths phase and the associated EB
effect. The temperature 7g linearly decreases with pressure
at a rate of d1g/dP = —3.6 K/kbar, while the EB field at
T = 140K decreases by more than four times, and completely
disappears at temperatures 7 > 170 K, at applied pressure
of 10 kbar. Thus, the applied pressure modifies the magnetic
phase diagram of Gdy 551y 5C003.4: the temperature region of
paramagnetic phase expands and the regions of GP and FM
phase contract. We assume that pressure effectively eliminates
local structure deformations that are associated with the FM
and AFM clusters above T¢ and the well-known property of
cobaltites to reduce the Co** spin under pressure plays an
important role in this process.
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