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Pressure-tuned spin switching in compensated GdCrQOj; ferrimagnet
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The effect of hydrostatic pressure on antiferromagnetic ordering of Cr spins, magnetic compensation, and
exotic spin switching in the single-crystal GACrOj; ferrimagnet is studied. The Néel temperature Ty = 168 K
increases under pressure with the rate of 0.42 K/kbar, and the compensation temperature Teomp = 144K at
which the canted ferromagnetic moment of Cr spins and antiparallel polarized moment of Gd spins cancel
each other also increases by 0.3 K/kbar. It was found that the spin switching temperature Ty, at which the
ferromagnetic moment is reversed, noticeably increases under pressure, and the spin switching energy required
for magnetization reversal reduces significantly because of a decrease in magnetic anisotropy. Due to this
mechanism, the spin switching line, described in the 7—H diagram by a certain ratio of switching energy to
canted ferromagnetic moment, is shifted under pressure towards higher temperatures. Thus, switching between
two opposite spin configurations in the GdCrO; ferrimagnet can be controlled by both applied magnetic field

and external pressure.
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I. INTRODUCTION

Orthochromite GdCrOj3 exhibits remarkable properties at-
tractive for practical applications, such as ferroelectricity,
magnetoelectric effect, and giant magnetocaloric effect [1-5].
Moreover, GdCrOs is a compensated ferrimagnet and reveals
an exotic phenomenon of negative magnetization, as well as
fast spin switching accompanied by magnetization reversal
[2,6-9]. Spin switching occurs in this crystal with a large
change in magnetic moment over a wide temperature range
of ~ 100K, which provides an ideal scenario for switching
devices and, on the other hand, this behavior is interesting
for fundamental research. A simple phenomenological model,
which assumes a presence of oppositely polarized paramag-
netic Gd** spins with respect to ferromagnetic (FM) moment
of canted Cr** spins, can explain unusual magnetism in
GdCrO3. Weak FM moment along the ¢ axis follows from the
canted antiferromagnetic (AFM) ordering of Cr spins at Ty =
168 K, caused by the antisymmetric Dzyaloshinskii-Moriya
(DM) exchange interaction, while opposite paramagnetic mo-
ment of the spin Gd®' is due to strong AFM exchange
interaction between Gd*>* and Cr®* spins [6,7]. Two opposite
moments cancel each other at the compensation temperature
Teomp = 144 K and below Tomp the net FM moment is directed
oppositely to weak applied magnetic field, demonstrating
a metastable magnetic state with negative magnetization.
Spontaneous spin switching to the equilibrium state with
positive magnetization and minimum energy occurs when a
change in the Zeeman energy upon switching overcomes the
anisotropy energy barrier. Similar compensated spin struc-
tures and switching between them have been identified in
various orthorhombic perovskites RM O3 (R = rare-earth el-
ements, M = Fe, Cr, Mn) [10-17]. It is interesting to note
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that in Er, Nd, and Sm orthoferrites, the spin switching is
exchange biased in the vicinity of the compensation tempera-
ture, above and below Tiomp [17], whereas in GAdCrOs3 crystal
the exchange bias was found above T.omp only and is absent
below Teomp.

Pressure is an effective tool for tuning physical properties
of perovskite oxides, and the response of complex crystal
structures to high pressure is currently being actively stud-
ied [18-20]. It was found that CrQOg octahedral-site rotations
and t-e orbital hybridization play a decisive role in pressure-
induced changes in the exchange interactions between Cr
spins and in the Néel temperature 7y of RCrO3 orthochromites
[18,21]. Moreover, an increase in 7Ty with a simultaneous
decrease in canted FM moment was predicted for SmCrOs3,
based on first principles calculations [20]. It was also found
that external pressure effect on both magnetic quantities is
opposite to the effect of “chemical” pressure, which increases
with decreasing R ion size in RCrO; series [20]. The balance
of two opposite magnetic moments in compensated GdCrO3
can be changed under pressure, if the canted FM moment
decreases, as predicted for orthochromites. This stimulated
the research of unusual magnetism of GdCrO; under high
pressure. Here, we show that applied pressure does indeed
change the magnetic compensation in GdCrOs, mainly by
decreasing canted FM moment. More interestingly, we found
that spin switching temperature Tg,, markedly increases under
pressure due to a strong decrease in magnetic anisotropy. The
fact that switching between two opposite spin configurations
can be controlled by external pressure well elucidates the na-
ture of magnetic compensation and spin switching in GdCrOs.

II. EXPERIMENTAL DETAILS

Magnetic study under pressure was carried out on single
crystals of GdCrO3, magnetic properties of which at ambient
pressure P have recently been studied in detail [8], in the
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FIG. 1. Temperature dependence of the field-cooled (FC) mag-
netization of GdCrOj; single crystal measured in magnetic field
applied along the ¢ axis upon cooling in 100 Oe at ambient pressure
and at 10.1 kbar. The spin switching temperature 7Ty, at which the
FM moment is reversed, noticeably increases under pressure. The
Tna denotes temperature at which the single-domain magnetic state
converts to the multidomain one. Two possible spin configurations
above and below T, are shown. The insets show an increase in
the Néel temperature Ty and in the compensation temperature Tomp
(top), as well as in the spin-reorientation temperature Tsg (bottom)
under pressure.

temperature range 10-200 K and in magnetic field up to
10 kOe, using a PAR (model 4500) vibrating sample mag-
netometer. Magnetization measurements under hydrostatic
pressure up to 10 kbar were performed using a miniature
container of CuBe with an inside diameter of 1.4 mm [22]
exploiting the silicon oil as a pressure-transmitting medium.
Pressure at low temperatures was determined by the known
pressure dependence of the superconducting transition tem-
perature of pure tin. We used a cylindrical GdCrO; sample &~
2.4mm long and ~ 1.2 mm in diameter, cut from the original
crystal in such a way that the ¢ axis of the crystal, along which
the FM moment is directed, lies in a plane perpendicular
to the cylinder axis. Applied magnetic field H was directed
perpendicularly to the cylinder axis. To obtain an accurate
orientation of the ¢ axis along the applied magnetic field,
measurements of angular dependence of magnetization were
performed each time when the sample was installed in the
magnetometer, following applying hydrostatic pressure. Next
temperature- and field-dependent magnetization of GdCrO;
was measured along the FM easy axis.

III. RESULTS AND DISCUSSION

Figure 1 presents temperature dependencies of field-cooled
(FC) magnetization of GdCrO; measured in magnetic field
applied along the ¢ axis upon cooling in 100 Oe at ambient
pressure and at 10.1 kbar. The M vs T curves exhibit a series
of changes, corresponding to successive magnetic transitions
that occur at the following temperatures: (1) The Néel tem-
perature Ty = 168 K at which the canted AFM order of Cr
spins following a weak FM moment pointed along the ¢ axis
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FIG. 2. (a) Temperature dependence of magnetic susceptibil-
ity multiplied by temperature x7. (b) Its derivative d(xT)/dT
derived from the FC magnetization of GdCrO; measured at H =
1kOe applied along the ¢ axis at P =0 and 10.3 kbar. Peaks
in d(xT)/dT indicate the magnetic Cr** ordering temperatures.
(c) The Néel temperature 7y and (d) pressure coefficient d7y/dP
of RCrO; orthochromites as function of the rare-earth ionic ra-
dius rg (Tx of RCrO;5 and d7y/dP for R =Y, La are taken from
Refs. [20,21,26,27]).

appears. (2) The compensation temperature Tiomp at which
two opposite magnetic moments, FM moment of canted Cr
spins and paramagnetic moment of Gd spins induced by AFM
coupling between Cr** and Gd** ions, cancel each other so
that the net magnetization vanishes. (3) The spin switching
temperature Ty, at which the magnetization reverses suddenly,
changing its sign from the negative to the positive one. A
metastable state with negative magnetization arises between
the temperatures Teomp and Ty, when FM moment is directed
against the applied magnetic field. (4) The temperature Tiq
below which the single-domain magnetic state converts to the
multidomain one. (5) Finally, the spin-reorientation tempera-
ture Tsg = 6.5 K when the FM moment rotates from the ¢ axis
to the a axis. It appears that the applied pressure leads to an
increase in all of the above characteristic temperatures, with
the exception of the temperature 7,4, which depends only
on demagnetizing factor of the sample and applied magnetic
field. Next, we will sequentially consider the possible nature
of pressure effect on the magnetism of GdCrOs, taking into
account appropriate interactions between magnetic ions. Of
particular interest is an unexpectedly strong pressure-induced
increase in the spin switching temperature Ty,.

For an accurate determination of the Néel temperature Ty
under pressure, magnetic susceptibility multiplied by temper-
ature x T (here x was measured at H = 1kOe applied along
the ¢ axis) and its derivative with respect to temperature,
d(xT)/dT, were plotted versus temperature [see Figs. 2(a)
and 2(b)]. According to the Fisher relation [23,24], temper-
ature variation in quantity d(x7T)/dT is analogous to the
changes in magnetic specific heat in canted antiferromag-
net around 7. Consequently, this manner provides a correct
valuation of the ordering temperature of the Cr** moments
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under pressure, shown by well resolved peaks in d(xT)/dT
in Fig. 2(b). Based on this approach, the pressure coefficient
dn/dP = +0.42 K /kbar for GdCrOs is determined.

The nature of effect of physical and chemical pressure
on Ty in RCrOs orthochromites is currently the subject
of intensive studies [18,21,25,26]. Zhou and Goodenough
have claimed that orthochromites with lower degree of CrOg
octahedral-site rotation (tilts) exhibit a higher Ty [25]. It oc-
curs because the superexchange interaction J, determining
Tn ~ J within the mean-field theory, is proportional to the
square of the orbital overlap integral over the Cr—O—Cr
bond, which is directly related to the Cr—O bond length /
and the Cr—O—Cer tilt angle ¢ through the relationship J ~
cos*[(180 — ¢)/2]/1’. In addition, the effect of hybridization
of ¢t and e orbitals due to the local site distortion [25,18]
is important to explain the observed dramatic change in Ty
across the RCrOj family shown in Fig. 2(c). Here, the Ty
decreases and the octahedral-site rotations (structural distor-
tions) increase with a change in the rare-earth ionic radius
from La to Y, presenting a strong chemical pressure effect.
The effect of external hydrostatic pressure on Ty also depends
markedly on the size of R ions in RCrO3 according to dTx/d P
data obtained for LaCrOj3 [26] and YCrOs [27], shown in
Fig. 2(d). Zhou [18] explained this dependence by the fact
that, under pressure, the octahedral-site rotations increase in
RCrO; with a small R ion, but they become suppressed in
compounds containing a large R ion. Namely, the increase in
Tx under pressure is mainly due to shortening Cr—O bond
length I, which weakly varies across the RCrO; series. How-
ever, in the case of small R ion size the effect appears to be
compensated by pressure-induced bending of Cr—O—Cr bond
angle away from 180°, resulting in a low coefficient d7x/dP.
The value of pressure coefficient obtained here for GdCrOs is
in good agreement with this trend [see Fig. 2(d)].

The compensation temperature T.omp increases by about
3 K at applied pressure of 10.1 kbar, as shown in the upper
inset in Fig. 1. This pressure-induced change in Teomp can
be understood using a simple phenomenological model that
successfully describes most of the specific FM behavior of
GdCrOs [6,7], including spin switching around T¢omp [8]. This
approximation takes into account the canted FM moment of
Cr spins, due to the DM interaction, and the opposite para-
magnetic moment of Gd** induced by the AFM interaction
between Cr** and Gd** spins, so the temperature dependence
of magnetization at small applied field H is expressed as

M = Mc, + Coa(—Hy + H)/(T + 0). ey

Here, Mc, is the magnetization of canted Cr spins, Cgq
is the Curie constant, C = Ng>ug’S(S + 1)/3kg, equal to
0.0306 emu K/g, according to calculation for the Gd**
ground state with spin S = 7/2, Hj is the internal exchange
field associated with induced paramagnetic moment of Gd**
spins, directed opposite the magnetization M¢,, and 8 = 2.3K
[7] is the Weiss temperature, linked to the AFM interaction
between Gd>* spins. According to Eq. (1), the temperature
Teomp at which magnetization in small field H vanishes is
determined by the Hy to Mc;, ratio: Teomp = (CgaHi/Mcy) — 6.
Some evidence of the likely changes in H; and M, under
pressure was obtained by fitting Eq. (1) with Hy, M, and 6 as
varying parameters to the M(T) curve measured in magnetic
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FIG. 3. (a) Temperature dependencies of magnetization mea-
sured between 10 and 60 K along the ¢ axis at field of 1 kOe, at P = 0
and 10 kbar. Lines represent fit with Eq. (1) with fitting parameters
H,, Mc,, and 0. The upper insets show their change under pressure
while the lower inset shows difference in the M(T) curves and their
fits at low 7. (b) M vs H curves at 10 K measured at P = 0 and
10 kbar in magnetic field applied along the ¢ axis and perpendicularly
to the c axis.

field 1 kOe applied along the ¢ axis at P = 0 and 10 kbar [see
Fig. 3(a)]. The analyzed temperature range was well below Ty
where the canted FM moment of Cr ions is mostly saturated.
Note also that the magnetization measured in relatively large
field, shown in Fig. 3(a), changes smoothly with decreasing
temperature down to 10 K (there is a single magnetic domain
state only) in contrast to that measured in the field of 100
Oe at which the transition to the multidomain state occurs
below temperature Tg ~ 35K (see Fig. 1). At 10 K, the
multidomain magnetic state transforms into a single-domain
state at field H equal to 390 Oe, at which the magnetization
M reaches the value of 13 emu/g [see Fig. 3(b)] and the
demagnetizing field Hy = —4nNMd = —390 Oe completely
compensates for the applied field in the case of a multidomain
state. Here, d = 7.3 g/cm? is the density of GdCrOs and the
demagnetizing factor 4w N = 4.1. The very similar demagne-
tizing factor N can be estimated from the M(T) data presented
in Fig. 1. Namely, the value M = 3.3 emu/g (Md = 24.1 QOe),
which remains constant below Tp,q at H = 100 Oe, means that
the effective field inside the sample is zero, while the volume
magnetic susceptibility x, = Md/H = 0.24 reaches a value
of 1/4n N, which is a good proof of the multidomain state for
the case of an easy-axis ferromagnet.

The results of fitting show that applied pressure causes
a decrease in all Hy, Mc, and 6 values. Under pressure of
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10 kbar, the effective field H; decreases by about 4%, from
5433 £ 11 Oe at P =0 to 5222 4 17 Oe at 10 kbar, while
the magnetization of canted Cr ions Mc; is reduced by about
11%, from 1.237 + 0.006 emu/g at P = 0 to 1.098 £ 0.009
emu/g at 10 kbar [see upper insets in Fig. 3(a)], and 6§ changes
from 2.44 £ 0.02 K to 2.23 + 0.03 K. Such changes in Hj,
Mc:, and 6 should lead to an increase in the H; /M, ratio and,
therefore, could explain the pressure-induced increase of the
compensation temperature Teomp in accordance with Eq. (1).
The ATCffgfp = +11K, change in T¢omp under applied pressure
of 10 kbar, calculated with the above estimated changes in
Hy, Mc,, and 0, is in qualitative agreement with the observed
increase in Tiomp by 3 K. From the above analysis, it can
be concluded that the suppression of the weak FM moment
is the main reason for the increase in Tioymp under pressure
in GdCrOs. The pressure-induced variation of canted FM
moment arising from the DM interaction has not been exper-
imentally investigated in orthochromites. Nevertheless, this
effect has been studied theoretically for SmCrO; using the
first-principles calculations, and a a decrease in FM moment
by about 20% was predicted with increasing external pressure
to 100 kbar [20]. In addition, for the RCrO; series, a strong
chemical pressure effect was calculated, suggesting a twofold
increase in the weak FM moment when the rare-earth ion
radius rg decreases from 1.20 A for R = Ce to 1.06 A for
R = Er [20]. Thus, the pressure-induced changes in the weak
FM moment of GdCrOs3, estimated above, are in qualitative
agreement with those predicted theoretically.

Let us discuss the possible effect of applied pressure on
the nature of complex exchange interaction between Cr’*
and Gd** spins, which is the most important for exotic mag-
netism in GdCrOs. The Cr—Gd exchange interaction includes
isotropic exchange and noticeable symmetric and antisym-
metric components of the anisotropic exchange, despite the
fact that Gd** is an S ion [28,29]. The antisymmetric ex-
change was found to be responsible for the spin-reorientation
transition '4 — I'2, which occurs at the temperature Tgg =
6.5 K [29]. It has been also calculated in Ref. [30], based on
the magnetization data [7], that the contribution of antisym-
metric exchange 8% = 4.7 kOe to the effective exchange field
Hy dominates over the contribution of isotropic exchange o =
1.3kOe, while the contribution from anisotropic symmetric
exchange is negative: 8°* = —0.5kOe, where H; = o + * +
B* = 5.5kO0e. According to the data shown in the lower inset
of Fig. 1, the spin-reorientation temperature Tgsg increases
by about 1 K at an applied pressure of 10 kbar. It follows
that the antisymmetric exchange $* increases with pressure.
However, the anisotropy energy associated with spin switch-
ing in GdCrOj3 noticeably decreases under pressure (we will
show this below); therefore, the contribution of anisotropic
exchange |B°| should also decrease. Thus, we can conclude
that effective exchange field H; decreases under pressure due
to weakening of isotropic exchange «.

Figure 1 demonstrates that pressure effect on the spin
switching temperature Ty, is the strongest among the others:
Tiw increases by more than 20 K under pressure of 10 kbar.
Knowledge of the reason for this behavior can help us in un-
derstanding the nature of spin switching. Figures 4(a) and 4(b)
show also that the magnitude of the pressure effect is maximal
at small applied cooling fields H, at which switching occurs
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FIG. 4. Spin switching (spontaneous magnetization reversal
along the ¢ axis) in GdCrO; upon cooling in a field of 50 Oe (a) and
200 Oe (b), at P = 0 and 10.3 kbar. The switching temperature Ty,
increases under pressure. (c) Remanent magnetization M, measured
along the ¢ axis upon cooling at H = 0, after cooling at 1 kOe to
a temperature of 160 K. Spin switching at temperature 7,57, after
which M, becomes close to zero, is associated with a transition to a
multidomain state.

at low Tyy. Under this condition, the magnetization changes
sign at T, remaining practically unchanged in modulus [see
Fig. 4(a)], since the paramagnetic contribution induced by a
small field H is insignificant. The spontaneous spin switching
is actually a first-order transition from a metastable state with
negative magnetization (in this spin configuration the Zeeman
energy £z = —MH is maximal) to an equilibrium state with
positive magnetization and minimal energy Ez. Consequently,
the system must spend the energy required for magnetization
reversal by 180° along the ¢ axis in order to overcome the
anisotropy energy E,. This energy should be equal to the drop
in the Zeeman energy AEy at T,. Therefore, spin switching
occurs at that temperature at which the modulus of negative
magnetization becomes large enough for AE7 to reach the en-
ergy barrier E,. The AEy value can be evaluated directly from
the data for H = 50 Oe shown in Fig. 4(a). As a result, we
find that at ambient pressure AEz is nearby 100 erg/g, while
at a pressure of 10 kbar it is much lower, about 35 erg/g. This
means that the energy of magnetic anisotropy E, decreases
significantly under pressure. A similar conclusion also fol-
lows from an analysis of temperature dependence of remanent
magnetization M; vs T presented in Fig. 4(c). Here, M, is the
magnetization measured along the ¢ axis upon cooling in zero
magnetic field, at P = 0 and 10.1 kbar, for the sample cooled
prior the measurements to 160 K in 1 kOe. However, in the
absence of an applied field H, the reversal of the entire mag-
netization does not occur, but it takes place only in selected
domains of the sample in order to reduce the magnetization
and minimize the energy. Consequently, a sharp drop in M,
at 777 indicates a transition from a single-domain state to
a multidomain state with M, close to zero (note that in the
case of the negative magnetization state, this transition occurs
via spin switching, in contrast to what occurs for the positive
magnetization state shown in Fig. 1, at T,,¢ & 35K). Again,
we see that temperature 7,59 increases under pressure, whereas
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the Zeeman energy drop AEz decreases from about 80 to near
50 erg/g. Here, AE; was calculated at 7,57 taking into account
the fact that the real field inside the sample at H = 0 is the
demagnetizing field —4wr NMd, which in the single-domain
state reaches the maximum values of 50 and 40 Oe at P =0
and 10 kbar, respectively.

The change in the Zeeman energy AE; upon spin switch-
ing with a change in the magnetization from negative M to
positive M is a measure of the energy barrier that the sys-
tem must overcome in order to go from a metastable state
to a thermodynamically equilibrium state with positive M.
Obviously, the energy barrier in this case is the energy of
magnetic anisotropy, that is, the energy required to deflect
the magnetization of the crystal from an easy direction to a
hard one. It is well explained in recent review of the phe-
nomenon of negative magnetization by Kumar and Yusuf [31]
that the presence of a finite magnetic anisotropy appears to
be essential for an observation of the negative magnetiza-
tion in compensating ferrimagnets. Namely, in the absence
of a magnetic anisotropy, the compensated magnetics will
show only a magnetic compensation behavior but without
any negative magnetization and therefore spontaneous spin
switching (magnetization reversal). This occurs because at
zero anisotropy energy (no energy barrier), the net magneti-
zation always corresponds to the direction of the applied field
H, above and below T¢omp.

The spin-switching anisotropy energy E, contains two
main contributions: one of GdCrOs intrinsic magnetocrys-
talline, EI™, and the other of magnetic shape anisotropy (or
dipolar anisotropy), E:", and thus, the spin switching pa-
rameters should depend on the sample shape. Indeed, we
previously observed much lower switching temperatures Ty
when measuring a long GdCrO; sample of an elongated
parallelepiped shape with a small demagnetizing factor of
4aN = 0.78 along the ¢ axis [8]. Moreover, the evaluated
switching energy AE7 turned out to be more than twice as
high [8] as compared to that found in the sample under study.
The different magnetic behavior can be simply explained by
the presence of an additional energy barrier equal to differ-
ence in the demagnetizing energy ES" = 2n NM?d between
the hard and easy magnetization directions, which must be
overcome to rotate the magnetization vector by 180°. A rough
estimation gives EN ~ 100erg/g for the long sample with
demagnetizing factors of 0.78 along the ¢ axis and of about
6 for a direction perpendicular to the c axis, taking in account
that in a field of 50 Oe the magnetization reaches —2.3 emu/g
at Ty (see Fig. 1 in Ref. (8]). On the contrary, for the sample
under study, for which the factor 47 N = 4.1 along the ¢ axis
is maximal in comparison with that for all other directions
in the crystal, the E:h energy contribution is absent. Conse-
quently, it can be expected that the energy AEz; = 100erg/g
estimated above is close to the intrinsic anisotropy energy of
GdCrOs. Such a low energy in the present case of uniaxial
anisotropy is consistent with a small value of the weak FM
moment of Cr ions. In other words, a small switching energy
is required to reverse the moment of Cr ions by rotating the
AFM-ordered canted spins Cr by a small angle 2y, where
y ~ 0.5° is the canting angle in GdCrO3. Note that in the
sample under study, which is characterized only by intrinsic
anisotropy, the switching temperature T;,, is maximal for a
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FIG. 5. T,,—H,, boundary between magnetic phases with oppo-
site spin configurations at P = 0 and 10 kbar. The lines represent the
best fit with Eq. (2) for two parameters, AE;/2Mc, and T.omp. The
bold line is calculated using Eq. (2) with the same Mc, and Teom, as
for P = 0, but with the value of AE; two orders of magnitude lower
than the value at P = 0. The inset shows the decrease in the spin
switching energy AE; under pressure.

given applied field H. However, a much smaller value of Ty, is
observed for the same field H in the sample, which addition-
ally has the strong magnetic shape anisotropy. Thus, the spin
switching temperature in compensated GdCrOj3 ferrimagnet
can be controlled by the change of the sample shape.

Figure 5 shows the switching temperatures Ty, at various
applied field H, derived from M vs T curves similar to those
shown in Figs. 4(a) and 4(b), at P = 0 and 10 kbar. It is clearly
seen that the line Ty, —Hgy, which is the boundary between
magnetic phases with two opposite spin configurations, as
shown in Fig. 1, noticeably shifts towards higher temperatures
under pressure. It was previously reported [8] that this bound-
ary between the metastable state with negative magnetization
and the equilibrium magnetic state can be qualitatively de-
scribed in GdCrO; by the phenomenological model predicting
Eq. (1). According to Eq. (1), the fall in the Zeeman energy
at spin switching is equal to AEz = —2(M¢y — CgaH1/T )Hsw
and, taking into account that Teomp = (CgaHi/Mcy) — 6, the
switching field Hgy as a function of temperature can be ex-
pressed for temperatures T < Teomp as follows:

Hgy = _(AEZ/ZMCr)(T + 9)/(T - Tcomp)- (2)

The Hy,, vs T dependence was compared with experimental
data under the assumption that the AEz/Mc, ratio does not
change with temperature (note that in this approximation, both
AE7 and M, should change with temperature in accordance
with the Brillouin function with spin S¢r = 3/2 [29,32]).
The solid lines in Fig. 5 are the best fit with Eq. (2) for
the values of fitting parameters AEz/2M¢; = 46.8 = 1.4 Oe
and Teomp = 143.4 £ 0.5K and AE/2Mc, = 24 +2Oe and
Teomp = 145 £0.7K obtained for P=0 and 10 Kkbar,
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respectively. Taking into account that the saturated canted FM
moment of Cr ions decreases from 1.237 to 1.098 emu/g
under pressure of 10 kbar, as determined above, we estimate
the switching energies AEy to be equal to 116 and 53 erg/g
at P =0 and 10 kbar, respectively. It appears that AE de-
creases by half at a pressure of 10 kbar (see inset to Fig. 5).
Remarkably, the AE; values obtained by fitting Eq. (2) to the
Tyww—Hy phase boundary are close to those calculated above
directly from the magnetization jump at spin switching, shown
in Fig. 4(a). In addition, the above fit results predict also an in-
crease in the compensation temperature Topp under pressure
in accordance with the observed shift AT o, = +3 K. Thus,
a strong shift of the Ty, —Hyy line towards higher temperatures
under pressure (see Fig. 5) is caused, first of all, by a signif-
icant decrease in the magnetic anisotropy and, by the second
factor, the rise of compensation temperature Teomp. Recall that
the increase in Tiomp under pressure in GdCrOj is mainly
determined by the suppression of the weak FM moment of Cr
ions. The model used, where the AE7 in Eq. (2) has the mean-
ing of the energy of magnetic anisotropy, well describes the
transformation between magnetic phases with opposite spin
configurations in GdCrOs; due to a decrease in the anisotropy.
This predicts that the phase with negative magnetization as
well the spontaneous spin switching will almost disappear (or
in other words, the magnetization becomes positive already
in a very small field H) if the AE; (energy barrier) is two
orders of magnitude lower than that estimated at P = 0; see
the calculated line in Fig. 5.

Additional evidence of the weakening of the magnetic
anisotropy under pressure in GdCrO; can be obtained from
the angular dependence of the magnetization M(¢) measured
for selected temperatures T < Teomp at P = 0 and 10.2 kbar,
presented in Fig. 6. Here, the magnetization was measured
along the applied magnetic field H = 100 Oe, which rotates
360° in the plane containing the ¢ axis, and ¢ is the angle
between the vector H and the ¢ axis. With decreasing temper-
ature, the M(¢) curves demonstrate an exceptional evolution
from a hard magnetic behavior to the soft one. Namely, the
magnetization vector at 7 = 110K remains in its original
position despite the fact that the field H changes its direction
to the opposite one, providing the state with negative mag-
netization [see Fig. 6(a)]. It is due to the high anisotropy of
canted FM moment of Cr ions, which dominates over the soft
paramagnetic moment of Gd spins; therefore, the applied field
of 100 Oe is too small, compared to the field Hy,, = 160 Oe,
required for switching at 7 = 110K (see the Ty, —Hy line
for P =0 in Fig. 5). In this case, the M(¢p) dependence is
described by a simple cosg dependence; see the fitted line
in Fig. 6(a). On contrary, the increased soft Gd-spin moment
at T = 50K is dominant in the system, therefore the field of
100 Oe is large enough to provide the equilibrium state at
this temperature (see Fig. 5). In this case, the magnetization
changes sign coherently with the vector H and exactly follows
the typical dependence M ~ |cosg| for ferromagnets with uni-
axial anisotropy [33]; see fitted line in Fig. 6(c). At 90 K, two
contributions to magnetic anisotropy from the hard Cr spins
and the soft Gd spins compete and lead to the appearance of
a metastable state with negative magnetization at the angles ¢
> 90°. Further, the switching to the equilibrium state occurs
at an angle ¢ ~ 130°, when the projection of H onto the ¢ axis
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FIG. 6. The angular dependence of magnetization M(¢) of
GdCrO; ferrimagnet measured for temperatures 7 < Teomp at P =0
and 10.2 kbar along the applied magnetic field H = 100 Oe, which
rotates 360° in the plane containing the ¢ axis (here ¢ is the angle
between the vector H and the ¢ axis). Applied pressure induces
the spin switching (magnetization changes sign from negative to
positive) at 110 K (a), while it suppresses the switching at 90 K
(b). The solid lines are the best fits using the M ~ cosp (a) and
M ~ |cosg| (b), (c) dependencies.

reaches the critical value of Hgy,. This behavior is analogous
to the spin switching caused by a decrease in temperature
shown in Figs. 1 and 4, and the critical value H, =~ 70 Oe,
calculated for T = 90K as Hcos(180° — ¢) — 4w NMd, is in
excellent agreement with the Hg, value corresponding to the
line Ty —Hgy for P = 0 in Fig. 5.

Applied pressure of 10 kbar radically changes the M(¢) de-
pendence at 110 K [see Fig. 6(a)]. Namely, the magnetization
switches from negative to positive, in the same way as it hap-
pens at P = 0 at 90 K, when the projection of H on the c axis
exceeds the value of Hy,, & 75 Oe required to switch spins at
P = 10kbar; see line Ty, —Hyy in Fig. 5. On the contrary, at
T = 90K, the pressure blocks spin switching and transforms
the M(¢) dependence into M ~ |cosg| one; see Fig. 6(b).
Both specific behaviors, as well as the fact that the switching
fields Hgy, obtained from different curves M(7T) and M(yp),
coincide, convincingly prove that the spin switching energy,
and hence the anisotropy energy of GdCrOs, decreases under
pressure. It is interesting to note that the external pressure acts
similarly to the applied magnetic field along the ¢ axis, mov-
ing the switching temperature 7, towards the compensation
temperature Teomp, as shown in Figs. 4(a) and 4(b). It is clear
that both pressure and magnetic field suppress the uniaxial
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anisotropy; therefore, one should expect the disappearance of
spin switching as a whole at sufficiently large values of P
and H. Recall that in GdCrO; with a low intrinsic anisotropy,
the temperature T, can be noticeably reduced by increasing
magnetic anisotropy due to the change of the sample shape.
This behavior illuminates the nature of the spin switching in
GdCrOs.

IV. CONCLUSIONS

It was found that in GdCrO; single crystal both the Néel
and the compensation temperatures increase under pressure,
which can be explained by an increase in the exchange inter-
action between Cr spins, a decrease in the weak FM moment

caused by canted Cr spins, and a weakening of the interaction
between the Cr and Gd spins. The observed strong increase in
the spin switching temperature Ty, under pressure is attributed
to a decrease in magnetic anisotropy. Namely, the spin switch-
ing energy associated with uniaxial anisotropy decreases by
half at a pressure of 10 kbar, which shifts the spin switching
line in the T—H diagram towards higher temperatures. Ac-
cording to this mechanism, switching between two opposite
spin configurations can be controlled by external pressure.
On the other hand, due to the low intrinsic anisotropy of
GdCrOs, the temperature T, can be also varied by changing
the magnetic anisotropy caused by the change of the sample
shape. The revealed features clarify the nature of spontaneous
spin switching in the compensated GdCrOj3 ferrimagnet.
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