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Low-field-enhanced unusual hysteresis produced by metamagnetism of the MnP clusters
in the insulating CdGeP, matrix under pressure
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Hydrostatic pressure studies of the isothermal magnetization and volume changes up to 7 GPa of
magnetic composite containing MnP clusters in an insulating CdGeP, matrix are presented. Instead of alleged
superparamagnetic behavior, a pressure-induced magnetization process was found at zero magnetic field, showing
gradual enhancement in a low-field regime up to H >5 kOe. The simultaneous application of pressure and magnetic
field reconfigures the MnP clusters with antiferromagnetic alignment, followed by onset of a field-induced
metamagnetic transition. An unusual hysteresis in magnetization after pressure cycling is observed, which is
also enhanced by application of the magnetic field, and indicates reversible metamagnetism of MnP clusters.
We relate these effects to the major contribution of structural changes in the composite, where limited volume

reduction by 1.8% is observed at P ~ 5.2 GPa.
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In recent  years, successful integration  of
ferromagnetism with semiconductors has focused on
ferromagnetic-semiconductor hybrid structures consisting of
metallic ferromagnets embedded into a semiconducting host.
These materials appear to have significant advantage due
to their high Curie temperature compared to conventional
diluted ferromagnetic systems [1,2]. Furthermore, the huge
magnetoresistance (MR) [3-5], the tunneling MR [6,7], and
large magneto-optical effects [8,9] in such hybrid composites
make them excellent candidates for the development of new
concept magneto-electronic devices. In particular, the useful
properties for device applications such as spin-dependent
transport [10,11] or spin-polarized tunneling based on the
modified magnetic tunnel junction [12,13] could be greatly
improved using local magnetic clusters.

It is conceivable that the transport, structural, and magnetic
characteristics of hybrid materials may be tuned through the
cluster size, cluster shape, and the mean distance between
clusters in the surrounding matrix. In this context, studies
of nanoscaled MnAs clusters embedded in a GaAs matrix
[14-20] provide a test ground for tailoring materials with
specific cluster configurations [21]. For example, ordered
arrangements of cluster chains consisting of elongated MnAs
nanoclusters grown by selective-area metal-organic vapor-
phase epitaxy exhibit a large positive MR at low temperatures
[19]. On the other hand, a formation of Mn nanocolumns
with a spacing of 10 nm in Ge:Mn exemplifies the case of
natural cluster self-organization, which leads to a giant MR
effect up to 200% at room temperature [5]. Another point of
view on this issue is that the self-organization can be achieved
artificially. An effective tool in this respect is the hydrostatic
pressure, which enables the clusters response to be cus-
tomized due to prolonged changes in the host matrix. Current
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research shows that submicron MnAs and MnP clusters in a
chalcopyrite CdGeX, (X = As, P) host exhibit a very high
sensitivity to pressure application, allowing their magnetic
and transport properties to be controlled [22,23]. At the same
time, pressure-induced changes occurring in the host matrix,
e.g., structural [24,25] or insulator-to-metal transitions [26],
may offer interesting opportunities as well as physical insight
into the self-organization/reorganization processes of clusters
in the hybrids. Very recently, we found that the structural
transition in Mn-doped ZnGeAs; produced inversion in the
magnetization hysteresis direction (due to MnAs clusters) that
was accompanied by remarkable changes in the large MR [27].
Such an unusual manifestation of hysteresis has previously
been classified as an intrinsic feature of perovskite structures
[28]. In the presence of magnetic inhomogeneities, the reasons
driving this unusual hysteresis related to the chalcopyrite host
are assigned either to competing interactions between two
types of MnAs clusters or their bulk properties. Therefore, it
is important to elucidate if this unusual hysteresis is a general
trend for chalcopyrite-based hybrids and the mechanism that
results in its occurrence.

Here, we report combined high-pressure and low-magnetic-
field studies of the isothermal magnetization of a CdGeP;
matrix containing one type of MnP cluster at Mn doping
as high as 12%. We reveal that the maximum zero-field
magnetization at P = 3.5 GPa is associated with the pressure-
induced antiferromagnetic state of the MnP clusters, followed
by field-induced metamagnetism. In agreement with our
observation [27], an unusual magnetization hysteresis during
the pressure cycling was also observed, showing gradual
enhancement in the low-field regime. We show that the volume
collapse by ~1.8% at P ~ 5.5 GPa in the composite is the
primary reason for this hysteresis, which leads to different
relaxation rates of both clusters and host matrix.

A polycrystalline sample of CdGeP,-MnP was prepared by
direct fusion method. Details of the synthesis were described
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FIG. 1. Room-temperature XRD diffraction patterns of the
CdGeP,-MnP composite. The inset shows SEM image.

elsewhere [29]. In the present paper, we reached a high
Mn impurity content with 12% concentration, at which the
host CdGeP, structure is phase-separated by MnP clusters.
Since the semiconducting properties of CdGeP; at such levels
of MnP clusters begin deteriorating and become close to
insulating, the room temperature resistance of the composite
was about ~1 G£2. Figure 1 shows the powder x-ray diffraction
(XRD) patterns with Miller indices corresponding to three
phases present in the crystal. In addition to the well-indexed
tetragonal chalcopyrite phase of CdGeP; (/-42d), with lattice
parameters a = 5.738 A and ¢ = 10. 766 A, we observed a
small amount of inclusion of the cubic CdGeP, (F-43m)
structure, with lattice parameter a = 5.592 A. Note that the
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cubic CdGeP; structure is derived from a high-temperature
modification of the tetragonal structure [30]. The third phase
with the orthorhombic MnP (Pbnm) structure and lattice
parameters a = 5.905 A b =15.249 A, and ¢ = 3.167 A can
be successfully distinguished from XRD data and is also
presented in Fig. 1. The presence of MnP clusters in the sample
was also confirmed by means of scanning electron microscopy
(SEM). According to the SEM image, orthorhombic MnP
clusters with an average size less than 1 um were randomly
distributed in the host matrix (inset to Fig. 1).

AC-magnetization measurements under applied hydrostatic
pressures up to 7 GPa were carried out in a Toroid-type high-
pressure cell [27,31]. For generation of magnetic field up to
5 kOe, we employed an external helical coil. Small CdGeP,-
MnP crystals (with a length of 3 mm and diameter of 1 mm)
were inserted in inductively coupled small coils and loaded
together with a manganin wire for pressure monitoring into a
Teflon capsule of 80 mm? volume. Volumetric measurements
were performed on the sample, which was 3 x 1 x 1 mm?® in
size, by using an accurate strain-gauge technique [32]. In all
experiments, a mixture of ethanol:methanol 4:1 was used as
the pressure-transmitting medium, which remains liquid up to
10 GPa at room temperature and ensures highly hydrostatic
pressure production.

Figure 2(a) displays the pressure-dependent normalized
magnetization (M /My, where M, is the value of magnetization
at 0 GPa) of CdGeP,-MnP measured at ambient temperature
conditions under applied low fields up to H = 5kOe. It is
noteworthy that at zero magnetic field, there is a maximum
of pressure-induced magnetization at P™ = 3.5 GPa. The
P™ is markedly shifted to lower pressures with the applied
field (see Table I). Although the observed characteristics are
reminiscent of a superparamagnetic response of the MnP
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FIG. 2. Pressure dependencies of normalized M / M, (a) and absolute (b) magnetization (after subtraction of zero field contribution) measured
at applied magnetic field of H = 0-5kOe and room temperature. A variation in M /M as a function of the maximum positions of P™* and H is
represented in the inset to (a). Dashed line corresponds to the critical field Hc within the pressure window of P™* as further defined from Fig. 3.
Clear hysteresis behavior of absolute magnetization during pressure cycling (compression = closed circles and decompression = open circles)

is shown in (b).
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TABLEI. The value for the maximum pressure (P™*) deduced from the pressure-dependent normalized magnetization (M /M,) at different

applied fields (H), including their pressure coefficients.

H (kOe) P™ (GPa) M/M, dH/dP (kOe/GPa) (1/Mo)(dM/d P)(GPa™)
0 3.58 1.007

1 3.34 1.0054

2 171 1.0051 0.9 6.9 x 107

3 1.63 1.0056

4 1.6 1.011

5 1.38 1.014 -8.52 -0.027

clusters in the insulating CdGeP, matrix, the appearance of
magnetization in zero field excludes this possibility. Together
with the contour map shown in the inset to Fig. 2(a), the
position of P™* = 1.38 GPa at a magnetic field of H = 5kOe
indicates an increase in the value of M /M,. As presented in
Table I, in the range of fields H = 0-2kOe, an intermediate
reduction of M /M, predominates. Estimation of the pressure
coefficient of dH/dP points to a change in the rate from
—0.9 kOe/GPa to —8.52 kOe/GPa in the field ranges of
0—2 kOe and 2—-5 kOe, respectively. For the pressure
coefficient (1/My)(dM /d P), we found a change in the slope
with opposite sign from +6.9 x 10~* GPa~! to —-0.027 GPa™!
for the same ranges of fields. Consequently, such behavior
is caused by the pressure-field-induced magnetic transition
associated with MnP clusters, rather than the conventional
magnetization process of clusters that is characteristic of
field-induced superparamagnetism.

Figure 2(b) shows the hysteresis behavior for the absolute
magnetization after pressure cycling at different magnetic
fields. The main feature of this type of hysteresis is that
the direction of magnetization at decompression occurs on
top against the compression stroke, as previously observed
[27]. One can see that the application of the low field leads to
enhancement of unusual hysteresis. In addition, this hysteresis
characteristic confirms the presence of the first-order magnetic
phase transition. However, the origin of the magnetic transition
itself is not clear at this stage. To this end, we studied the
magnetization M(H) curves, which can provide a definite
conclusion about the spin ordering of the MnP clusters under
pressure.

The behavior of M(H) isotherms collected for different
pressures at compression and decompression is shown in Fig. 3
(upper panels). For the best representation, the contribution of
the zero field has been subtracted from each M(H) dependency
As can be seen, a possible ferromagnetic or superparamagnetic
signature for MnP clusters in the measured fields of H < 5 kOe
has not been identified. Instead, all isotherms of M(H) show the
onset of the metamagnetic transition at all pressures. Since the
applied magnetic field is not enough to achieve saturation, the
typical S-shape magnetization characteristic is not observed.
A similar behavior was also found for the nanocrystalline MnP
in the phosphide chalcopyrite, as well as for bulk MnP forms
[33], evidencing that the saturation at 7 = 300 K occurs at
higher fields.

We defined the critical field Hc for the onset of the
metamagnetic transition as an inflection point in dM/dH,
as shown in Fig. 3 (lower panels). The variation of H¢ at
compression within the offset of P™* is illustrated on the

contour map [see the inset to Fig. 2(a)]. A corresponding
line on the contour map presents the boundary between the
two magnetic states with low and high magnetization. This
implies that the maxima of P™* from Fig. 2(a) are associated
with antiferromagnetic and ferromagnetic orderings below and
above Hc, respectively.

The pressure dependencies of Hc at compression and
decompression are plotted in Fig. 4. It should be noted that even
the roughly estimated slope for pressure coefficient d Hc/d P
in both pressure directions shows different changes in its rate
and sign in the vicinity of P™* at 5 kOe. For example,
the rate and the sign of the slope are —0.23 kOe/GPa and
4+0.09 kOe/GPa at compression and —0.38 kOe/GPa and
+0.2 kOe/GPa at decompression, respectively. From this
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FIG. 3. Magnetization isotherms (upper panels) and their deriva-
tives dM/dH (lower panels) at different applied pressures measured at
compression (left) and decompression (right). Curly arrows indicate
the dynamics of M(H) curves from ambient pressure up to 7 GPa and
vice versa. The critical fields of H¢ corresponding to the onset of the
metamagnetic transition are denoted by vertical arrows.
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FIG. 4. Pressure dependence of Hc at compression and
decompression.

analysis, it can be argued that the positive slope of Hc indicates
the antiferromagnetic spin configuration of the MnP cluster,
while a negative slope is due to the increasing population of
ferromagnetically aligned clusters. Moreover, the hysteretic
behavior of H¢ versus pressure is consistent with the results
shown in Fig. 3, clearly indicating a reversible metamagnetic
transition.

Generalizing all these data, one may conclude that the
maximum magnetization at P™* = 3.5 GPa can be interpreted
as the formation of a pressure-induced antiferromagnetic
configuration for MnP clusters starting from zero fields. This
observation of antiferromagnetic ordering under pressure is
not surprising. Actually, as debated over the years, a bulk
MnP crystal exhibits a feature associated with the transition
from the ferromagnetic to antiferromagnetic phase above
P ~ 3 GPa [34,35]. In the orthorhombic MnP structure,
Mn spins aligned along the crystallographic ¢ axis form a
ferromagnetic phase at T¢ < 291K [36]. In the helical or
screw phase below T, = 50K [36], the spin spiral rotates
in the bc plane with propagation vector q along the a axis.
The helical structure is recognized to be responsible for
the metamagnetic state, which includes both ferromagnetic
and antiferromagnetic interactions. As reported by Hirahara
et al. [37], the effects of uniaxial compression along the a
axis enhance the antiferromagnetic interaction relative to the
ferromagnetic one, with a weak increase in 7j, and decrease in
Tc. The strong decrease in d7¢/d P by about —18.5 K/GPa
has also been confirmed by several hydrostatic pressure studies
[35,38,39]. Thus, concerning our situation, the probability for
ferromagnetic ordering of MnP clusters at P™* = 3.5 GPa
will be perhaps eliminated. Meanwhile, the antiferromagnetic
state of the MnP clusters seems very mysterious, since it would
resultin a giant shiftin 7}, toward room temperatures. However,
if we accept a scenario of pressure-induced ferromagnetic-
to-antiferromagnetic transition, its nature can be explained
by Goodenough’s narrow 3d-band model [40]. Likewise for
MnAs (B31), the MnP orthorhombic lattice can be treated as
a low-spin state [41] in which the ferromagnetic interaction
is due to itinerant electrons, while the antiferromagnetic
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spin-density wave is caused by indirect exchange between
the localized electrons of Mn ions and nonmagnetic P
ions. Since the density of states near the Fermi level is
basically attributed to the itinerant electrons, the interaction
between the Mn-Mn bonds lengths will more sensitive to
pressure than the Mn-P-Mn interaction. Therefore, a pressure-
induced ferromagnetic-to-antiferromagnetic transition may
arise due to bandwidth broadening in the narrow 3d-band of
MnP [34,40].

The outcome discussed here seems appropriate for our case
if the initial state for MnP clusters is ferromagnetic [42].
Given that the system of submicron MnP clusters consists
of a large number of crystallites, and their crystal axes are
misoriented with respect to each other in the CdGeP, matrix,
a zero-field ground state should not be ferromagnetic, but
is very likely to be superparamagnetic-like. Following the
observation of the low-field-induced metamagnetic behavior
(Fig. 3), the opposite antiferromagnetic-to-ferromagnetic tran-
sition occurs even at ambient pressure. This characteristic
does not weaken qualitatively with increasing pressure. Hence,
the pressure-induced antiferromagnetic state for MnP clusters
has a different origin that likely does not meet the criteria
of bandwidth broadening [40]. As our results suggested,
the applications of low magnetic field and high pressure
equally induce the antiferromagnetic type for MnP clusters. Its
mechanism may be understood in terms of field-induced spin
reconfiguration of superparamagnetic-like clusters, while the
hydrostatic pressure effect at zero fields is due to changes in the
interatomic distances. According to calculations based on den-
sity functional theory for the Pnma structure of MnP [43], the
distance d; > 2.95 A was defined for ferromagnetic coupling
(d) <2.95A for antiferromagnetic coupling) between the
shortest Mn-Mn separation along the c axis, which plays a key
role in determining the exchange interaction. It should be noted
that only lattice parameters for bulk MnP were considered,
while the similar value of d; for MnP clusters may vary.
We experimentally estimated that the lattice constants for the
orthorhombic structure of MnP clusters show a slight decrease
in comparison with the bulk MnP [35,36]. This leads to the
assumption that for given lattice parameters, it is favorable to
reconfigure MnP clusters into the antiferromagnetic type via
external perturbation (pressure or magnetic field).

Our experimental findings on the magnetic changes of MnP
clusters in an insulating CdGeP, matrix are summarized in the
P-H phase diagram (Fig. 5). In the pressure range up to 7 GPa,
the mixed color area of the reversible metamagnetic transition,
highlighted as hysteresis of Hc, provides a distinct boundary
between the antiferromagnetic and the ferromagnetic states.
The diagram shows that a strong antiferromagnetic state is
induced by pressure at P =~ 3.5 GPa and, with the field
increase, tends toward the ferromagnetic region through the
metamagnetic transition. In addition, the colored area of the
antiferromagnetic state involves the superparamagnetic-like
contribution, the borders of which are defined conditionally.
However, the presented superparamagnetic-like state is not
clarified in detail yet, but it is typical for hybrid systems with
a chalcopyrite matrix [30]. We propose that such a state can
exist within a narrow range of pressures and magnetic fields,
and so a slight increase in P or H will reconfigure the clusters
into the antiferromagnetic state.
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FIG. 5. Magnetic field—pressure phase diagram of MnP clusters
in the CdGeP, matrix, including hysteresis region of Hc and the
magnetization data P™*. AF denotes the antiferromagnetic, FM
denotes the ferromagnetic, and SP denotes the superparamagnetic-
like state. The closed and open triangles are variation in P™* from
the antiferromagnetic to the ferromagnetic state, respectively.

The pressure evolution and low-field evolution of
the MnP clusters (superparamagnetic-like—antiferromagnetic—
metamagnetic—ferromagnetic) are components for understand-
ing the unusual hysteresis [Fig. 2(b)]. As has been mentioned,
the reason for inversion of the magnetization hysteresis
direction in Mn-doped ZnGeAs, was associated with the
competing interaction between two types of MnAs clusters at
the structural transition in the semiconducting ZnGeAs; [27].
Because CdGeP,-MnP has one orthorhombic type of MnP
cluster, and the surrounding matrix of CdGeP; is insulating,
a competing mechanism does not necessarily exist. This
supports the interpretation that the major contribution to the
unusual hysteresis is related to the structural transition of the
host. As is evident from Fig. 6, a volume jump in V/V; of
~1.8% is observed at P = 5.28 GPa, which is the signal for the
structural transition. In addition, the structural transition is also
supported by observation of hysteresis at the decompression
point. We adopt the third-order Birch-Murnaghan equation of
state [44] for derivation of the values of the bulk modulus By
for each observed phase,

7
3
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><|:1+Z(Bo)<<70> —1)}, (1)

where P, V, and V; are pressure, volume at pressure P, and
volume at ambient pressure, respectively. By and B are the
bulk modulus at zero pressure and its pressure derivative. The
result of the fitting procedure yields the values By = 87 +
2GPa, By =4, and By =91 &+ 1 GPa, B, = 4 for the initial
and high-pressure polymorph phase, respectively.

Without specifying this structural transition, one can be sure
that the values of By are always overestimated, whether or not
the value of By for the initial phase of CdGeP;, is different from
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FIG. 6. The volume changes for CdGeP,-MnP under pressure.
The hysteresis is observed at decompression, evidencing a structural
transition. The solid lines represent the results of fitting based on
third-order Birch-Murnaghan equation of state.

the pure chalcopyrite structure [45]. Despite this difference,
the effect caused by polymorphism of the matrix still has a
significant influence on the magnetic behavior of the MnP
clusters. In particular, the divergence of the magnetization
hysteresis at decompression [Fig. 2(b)] occurs at the same
pressure value, which coincides with the beginning of the
structural transition (P = 5.28 GPa). It is clear that the volume
behavior of the sample is sensitive to the presence of clusters,
the contributions of which cannot be ignored. Allocation of
the clusters’ contribution from the overall structural changes
is a puzzling question that is also complicated for composite
systems using high-pressure XRD methods [46].

Accordingly, the pressure-induced unusual magnetization
hysteresis may be generally understood through the difference
in bulk compressibility of the CdGeP, matrix and MnP
clusters. The impact of pressure on the properties of clusters
through the matrix leads to nonuniform structure recovery
of both clusters and matrix components at decompression.
In particular, the relaxation of the clusters becomes pro-
nounced owing to the structural transition. This behavior
is also reflected in the difference in pressure coefficients
dHc/dP at compression and decompression. Besides the
clusters’ compressibility, a number of factors, including their
electronic and magnetic structure, defect states, effect of grain
boundaries, etc., will influence the degree of the clusters’
response. Here, we point out that the stimulating force for
the unusual hysteresis is related to the pressure-induced
antiferromagnetic state of the MnP clusters in zero magnetic
field, while its enhancement occurs due to the metamagnetic
transition in fields of H = 2-5kOe according to the variation
in Hc (Fig. 4).

In summary, we investigated the effect of hydrostatic pres-
sure and low magnetic field on the MnP clusters in an insulating
CdGeP, matrix at room temperature. At compression, we
observed features at P =~ 3.5 GPa associated with pressure-
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induced antiferromagnetic ordering of the MnP clusters at zero
field, which was previously attributed to the bulk form of MnP
[34]. A similar effect was achieved by applying low field, fur-
ther supported by the onset of the field-induced metamagnetic
transition. The effect of pressure cycling on the magnetization
uncovered an unusual hysteresis phenomenon produced by the
MnP clusters. An enhancement of this hysteresis at low fields
indicates an underlying reversible metamagnetic behavior.
Such unusual characteristics most probably are caused by the
pressure-induced structural transition at P = 5.28 GPa, which
gives rise to a distinct difference in the bulk properties of

PHYSICAL REVIEW B 94, 184427 (2016)

the host matrix and clusters. Although our paper does not
cover all physical aspects, particularly, in the field of the
structural transition, we believe that our results will facilitate
understanding of unexpected cluster properties, including their
self-organization in hybrid systems.
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