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Magnetic correlations appearing in polycrystalline GdsGe, are studied. On the one hand, ac susceptibility
measurements as functions of temperature at several dc fields and frequencies show the existence of ferromagnetic
(FM) and antiferromagnetic (AFM) correlations in the paramagnetic (PM) region, where a Griffiths-like phase
appears below ~225 K. The value for the effective magnetic moment within the Griffiths-like phase is 10.1 wp.
FM correlations also extended all the way into the AFM phase below ~127 K. The onset of the Griffiths-like phase
is associated with an effective critical slowing down. On the other hand, high field magnetization measurements
reveal the presence of FM and AFM correlations in the three magnetic phases (PM, FM, and AFM), giving rise
to a variety of mixed magnetic states. In particular, at high fields the magnetostructural transition takes place
in several stages that extend along a wide temperature range. A three-dimensional (7', H, M) phase diagram is

proposed, including the new experimental findings.
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I. INTRODUCTION

The coexistence of magnetic interactions of opposite nature
within a material leads to complex magnetic behavior that
may give rise to a rich variety of physical phenomena.
The intermetallic compound GdsGe4 has recently received
much attention'~'® due to the unusual magnetic behavior
originating from the competition of ferromagnetic (FM) and
antiferromagnetic (AFM) interactions present in its layered
crystal structure.! One of the most interesting features is the
field-induced metamagnetic transition between AFM and FM
states, which is coupled to a structural change’ that gives
the first-order nature of the transition. This magnetostruc-
tural transition yields a large variety of magnetoresponsive
phenomena, such as giant magnetocaloric effect,>™*!? gi-
ant magnetoresistance,” large magnetostriction,?° acoustic
emission®! or avalanche processes.”>?* Although the equilib-
rium thermodynamic ground state at low temperatures is FM,®
as in Si-doped compounds,’ the AFM state is maintained when
cooling down in the absence of an applied magnetic field, due
to a kinetic arrest® that can be overcome by the application
of magnetic field. This explains the switch from reversible to
irreversible nature of the transition at low temperatures.®!'%!!
The transition can be induced not only by magnetic field or
temperature, but also by Si substitution'> or pressure.'® In
addition, GdsGe4 shows the presence of a Griffiths-like (GL)
phase in the paramagnetic (PM) region,'* short-range FM
correlations in the AFM and PM regions at high fields,’ or
a spin-flop transition in the AFM phase. '

The competing FM and AFM interactions in GdsGe, arise
from its naturally layered crystal structure.” In the AFM state,
the magnetic moments of Gd within each layer are FM coupled,
whereas the alignment between layers is AFM, as suggested
by Levin et al.'® and confirmed by x-ray magnetic resonant
scattering experiments.'® During the structural transition,
shear of the layers enhances Ge—Ge bonds between adjacent
layers,” favoring the FM alignment and thus a FM state. The
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high sensitivity of the Ge—Ge bonds to magnetic field, thermal
fluctuations, and structural defects (interstitial impurities,
residual phases, vacancies, grain boundaries in the case of
polycrystals, etc.), results in a degree of disorder in the
layered structure that causes magnetic frustration, leading to a
nonhomogeneity of the magnetic state throughout the material.
In fact, it has been previously observed by Hall probe imaging
how the magnetostructural transition between the AFM and
FM phases occurs via nucleation and growth of irregular
domains of one magnetization state inside a “matrix” of the
opposite state.'® Consequently, short-range FM correlations
appear along the phase diagram, including a GL phase as a
paradigmatic example.’!*!”

In this paper, we study the GL phase by means of ac
susceptibility at several low-dc fields and frequencies. We
show that the onset of the GL phase takes place in the PM
region, yielding an effective critical slowing down associ-
ated with competing AFM and FM magnetic correlations.
Moreover, the FM correlations extend all the way into the
AFM phase. The effective moment in the GL phase and the
relation between the GL phase and the crystallographical
and chemical disorder are discussed. We also report new
competing effects from measurements at high magnetic fields,
in the vicinity of the first-order magnetostructural transition, in
which AFM correlations are retained in the main FM phase. In
addition, short-range FM and AFM clusters are observed in the
main phases, usually labeled as PM and AFM. These results
unveil the existence of large regions of strongly competing
interactions and enable us to propose a three-dimensional
(T,H,M) phase diagram.

II. EXPERIMENTAL

Polycrystalline GdsGe, samples were synthesized by arc
melting in a custom furnace under a high-purity Ar atmo-
sphere. High-purity materials (Ge 99.999 wt % from Aldrich
and Gd, sublimed, dendritic, 99.99 wt % REO from Alfa Aesar)
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in the desired stoichiometry were used. The samples were
placed in a water-cooled copper crucible and melted several
times to ensure good homogeneity. The weight losses after
arc melting were negligible. After synthesis, the samples were
thermally treated inside a quartz tube placed in an electrical
resistance furnace for 5 h at 900 °C under a vacuum of 107>
mbars. After annealing, the quartz tube was quickly taken out
of the furnace and cooled to room temperature. Electron-beam
microprobe analysis confirmed the GdsGey stoichiometry and
the absence of secondary phases and magnetic atoms other
than Gd. The crystallographic structure of the sample was
studied at room temperature by x-ray diffraction. The sam-
ples displayed the expected room-temperature orthorhombic
structure (SmsGey-type Pnma).**> Ac susceptibility as a
function of temperature was measured using a commercial
superconducting quantum interference device magnetometer.
Both the real (x’) and the imaginary part (x”) were recorded
using an ac magnetic field, h,., of 4 Oe in amplitude: (a)
at several dc magnetic fields, A4, in the range from O to
200 Oe with ac frequency v = 100 Hz and (b) at several
frequencies v from 0.1 to 1000 Hz with 4. = 0. Magnetization
measurements at high magnetic fields were carried out in the
M6 Bitter magnet at the Laboratoire National des Champs
Magnétiques Intenses (formerly the Grenoble High Magnetic
Field Laboratory) using a custom extraction magnetometer
inside a liquid He flux cryostat. Isothermal magnetization
curves, M (H), were recorded, increasing and decreasing the
field between 0 and 23 T. Isofield magnetization curves, M (T),
were recorded in ramping temperatures within 4.2 and 300 K
at a rate of 1 to 2 K/min.

III. RESULTS AND DISCUSSION

A. Ac susceptibility measurements

Figure 1 shows the inverse of x’ as a function of
temperature, showing the expected Néel temperature (Ty ~
127 K) where the compound becomes AFM>¢%-1124 and a
large anomaly at T =~ 225 K. The GL anomaly was previously
identified in Gds;Ge4 single crystals from dc magnetization
measurements.'* Direct plots of both x” and x” also evidence
this anomaly (see Figs. 2 and 3), attributed to the onset of the
GL phase.?® The fact that the anomaly appears simultaneously
in x” and x’ indicates that the onset of the GL phase is
accompanied by an energy dissipation process. The fit of
the inverse of x’ to a Curie-Weiss law (Fig. 1) provides
the effective magnetic moment g and extrapolated Curie
temperature 6 associated with both the PM and GL phases.
The value of the magnetic moment obtained in the GL phase,
wSGE = 10.1up, is larger than uZM =7.9 j1p obtained in the
PM phase (value that corresponds to the expected for free
Gd** ions), indicating the FM clustering of spins in the former.
No further information can be obtained on either the spatial
distribution or number of spins involved in the clusters since
neutron scattering experiments cannot be carried out in those
kind of samples.

The dependence on frequency of x’ in the GL phase is
shown in the inset to Fig. 1. A steady decay without any
maxima is observed in the frequency range 0.1 to 1 kHz and
only an increase of the slope is noticeable at the onset of the
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FIG. 1. Inverse of the real part of the ac susceptibility of
polycrystalline GdsGe, obtained on heating after a zero field cooling
process. Curie—Weiss fit is shown for the GL phase region (dashed
line) and for the pure PM region (solid line). Inset: Real part of
the ac susceptibility as a function of frequency measured at various
temperatures (from 200 K, uppermost line, to 240 K, bottom line).

GL anomaly between 228 and 225 K. As the frequency
increases, a reduction of the signal in both x’ and x” and
a slight shift of the anomaly to higher temperatures are shown
in Fig. 2(b) and Fig. 3(b). The peak corresponding to the onset
of the GL phase shifts from 218 to 220 K when the frequency
varies within 0.1 to 1 Hz, this shifting being only in a few tenths
of degree in the following three decades. Usually, the dynamics
of critical phenomena in correlated and noncorrelated systems
is characterized by the shift of the critical temperature per
frequency decade.?’ This is expressed as AT /[T A log(w)],
where o is the ac frequency.?’” We found that this value is
about 0.001 in our samples, which is about two orders of
magnitude lower than those found in systems with purely
Arrhenius relaxation, such as a noninteracting distribution of
fine magnetic particles,”’ and lies in the lower end of the typical
values found in systems with high magnetic frustration, such as
spin glasses.?’ This weak frequency dependence is in contrast
with that found in the ErCo, GL phase,?® where clusters
of Co spins coherently rotate, driven by the ac field. In the
present case, the correlated spins seem to be strongly pinned,
showing weak magnetic response in the frequency range
studied. The strong correlations evidenced by the dynamics
are in agreement with the increase of the observed u§F with
respect to uZM. These results suggest that the onset of the GL
anomaly is associated with an effective critical slowing down
due to the existence of strong magnetic correlations yielding
collective excitations rather than due to a pure thermally
activated process.

Figure 2(a) shows that the GL anomaly in x’ gradually
diminishes with the application of a small dc field, /4., being
barely observable for h4. = 200 Oe, in agreement with the
extreme sensitivity to the external field shown by the GL
phase in other rare earth compounds.”®" The suppression
of the anomaly in x” by hg. [Fig. 3(a)] without any trace
of energy absorption or dissipation at about A4 ~ 200 Oe
suggests that the mechanism underlying the formation of the
GL phase is actually suppressed as the field is increased
rather than just hidden by the PM background, as previously
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FIG. 2. (Color online) Real part of the ac susceptibility of
polycrystalline GdsGe, measured at different (a) applied dc fields
(1, 20, and 200 Oe) and (b) frequencies (0.1, 1, 10, 100, and 1000
Hz). Note that for T > 110 K the vertical axis is magnified and values
are indicated at the right of the pannel. For 7 < 110, the vertical axis
is given at the left of the pannel. Numbers beside the curves indicate
the value of the varied parameter. Insets in (a) and (b) show the inverse
susceptibility around the GL phase.

suggested for TbsSi,Ge,.>® A comprehensive data set of (')~
in the temperature range 7Ty—7; was fitted to the predicted
temperature dependence of the susceptibility for a GL phase
in f-electron compounds, x ! o (T — T.) 3! where T,
denotes the critical temperature and (1 — A) is the effective
index with 0 < A < 1. The simultaneous fit of 7, and A
converges to a Curie-Weiss law (A = 0). Moreover, Fig. 4
shows the field dependence of the fitted values for 7., which
increasingly approach the Curie-Weiss temperature of the
PM region (9™ = 100 K) as the applied field increases.
The reduction of 7, in the GL phase with respect to that of
the PM phase indicates the formation of AFM correlations,
which are further disfavored by the application of low
external fields. Consequently, the system could be composed of
ferromagnetically correlated spin clusters, where some degree
of AFM correlations may also be present. Taking into account
the previous results we suggest that the GL phase originates
from the competition of FM and AFM correlations above the
Néel temperature, and the application of moderate dc magnetic
fields favors the growth of the regions with short-range FM
correlations, thus destabilizing the GL phase until it disappears
at about 200 Oe. We note that it has recently been shown
that local disorder induced by the presence of substituents in
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FIG. 3. (Color online) Imaginary part of the ac susceptibility of
polycrystalline GdsGe4 measured at different (a) applied dc fields (1,
20, and 200 Oe) and (b) frequencies (0.1, 1, 10, 100, and 1000 Hz).
Note that for 7 > 110 K the vertical axis is magnified and values are
indicated at the right of the panel. For T < 110, the vertical axis is
given at the left of the panel. Numbers beside the curves indicate the
value of the varied parameter.

certain Gd sites of the GdsGey lattice has a strong influence
on the magnetic interactions between the Gd ions and leads
to severe changes in the magnetic behavior, including an
increase of the magnetic moment of the Gd** ions.*? In this
context it is worth noting that samples synthesized with Gd of
99.9 wt % purity, show strong variations in the fitted value
of A yielding A & 0.5, in contrast with the present case (Gd
of 99.99 wt % REO purity), where the best fitted value was
always very close to zero. These differences are indicative
of the strong sensitivity of the system to the local structural
details, which may account for the dispersion of A values found
in literature.'** Additionally, this suggests that the actual
dynamics of the GL phase in GdsGe, depends on the local
disorder of the system.

In Fig. 2 and 3 it is shown that x’ and x” are reduced by
the effect of increasing either the dc field or ac frequency. In
particular, the steep rise of x” just below the Néel temperature,
Ty =~ 127 K, is severely affected by the dc field. It was
previously proposed that below Ty FM clustering of spins
occurred down to approximately 75 K.'* The ac susceptibility
measurements presented here are in agreement with those
results, evidencing that the FM clustering phenomenon ex-
tends down to approximately 20-30 K and displays field and
frequency dependencies similar to those of the GL phase.
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FIG. 4. Variation of the critical temperature with the applied field
obtained by fitting x’ within Ty and T to the model x'~! oc (T —
T.)'=* . T. is given for the applied magnetic fields of 0, 1, 20, and
200 Oe.

B. High field magnetization

Isothermal magnetization curves up to 23 T at several
temperatures in Fig. 5 show the shift of the magnetostructural
transition to higher critical fields with increasing temperature.
At temperatures higher than about 81 K a change in the
slope in the curve is clearly evident at about 12 T before the
magnetostructural transition occurs, which indicates the break
of the long-range AFM ordering and the appearance of FM
correlations.’ The inset to Fig. 5 shows the irreversible AFM-
FM transition at 7 K. Figure 6 shows isofield magnetization as
a function of temperature at several magnetic fields, recorded
on heating the sample after field cooling from the PM region.
We note that the cooling and measuring fields are the same.
The zero field cooling curves (not shown) and the field
cooling curves measured at fields higher than about 5 T are
almost indistinguishable. The anomaly at the Néel temperature
disappears at H > 14 T, and at those fields the magnetization
curve tends to follow a linear dependence with temperature
in the region usually labeled as PM. Additionally, at H > 10
T and temperatures immediately below the first-order magne-
tostructural AFM-FM transition, the system is not completely
ferromagnetically ordered: A region of lower magnetization
than that of the FM state appears in between the temperature
of the magnetostructural transition and the full FM regime
(see the encircled area in Fig. 6). This low magnetization
region evidences thermal hysteresis when the magnetization
is measured cycling the temperature between 4.2 K and room
temperature, as the magnetostructural transition does as well
(see inset to Fig. 6). The extent of the temperature range of this
low magnetization region increases up to ~18 T and reduces
progressively when the applied field is further increased.
Therefore, the estimated amount of sample that is not fully
FM is maximum at ~18 T, being approximately 10%. Below
the magnetostructural AFM-FM transition, the magnetization
is not completely saturated down to about 10 K.

The magnetization in the AFM phase increases steadily
as the temperature is reduced, in contrast to the expected
behavior for a pure AFM phase, due to the favoring of
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FIG. 5. Isothermal magnetization curves, M(H), of polycrys-
talline GdsGe, at several temperatures, indicated in Kelvin in the
legend and next to selected curves, showing the shift of the mag-
netostructural transition toward higher critical fields with increasing
temperature. The curves within 77 and 93 K show a change in the
slope associated with clusters of strong FM coupled spins. Inset:
M (H) curve for 7 K. Axes have the same units as the ones in main
graph.

FM correlations preceeding the magnetostructural transition.
This is in agreement with a previous work®® showing that
the magnetostructural transition occurs via avalanche pro-
cesses, displaying training effects when cycling through it.
Consequently, the existence of ferromagnetism in the system
is not strictly confined to the temperature range below the
magnetostructural transition. On the one hand, high magnetic
fields reduce the extent of the long-range AFM phase up to
its complete vanishing for fields higher than about 12 T and
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FIG. 6. Isofield magnetization curves, M(T'), of polycrystalline
GdsGe, at several magnetic fields (labeled next to the curve in Tesla)
measured on heating after field cooling the sample at those fields. The
portion of the curves encircled by the dotted line suggests that the
system is not completely FM before the magnetostructural transition.
Inset: Example of the hysteresis observed in magnetization on field
cooling and field heating the sample at 14 T around the first-order
AFM-FM transition.
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FIG. 7. (Color online) Three dimensional (7',H,M) phase di-
agram based on the plot of the magnetization as functions of
temperature and magnetic field, using high-field measurements. The
different magnetic phases are labeled as follows: (PM) paramagnetic
phase with ferromagnetic correlations; (AFM) predominantly anti-
ferromagnetic phase with ferromagnetic correlations; (FM) purely
ferromagnetic phase; (A) antiferromagnetic short-range correlations
in the main ferromagnetic matrix; (B) ferromagnetic and antifer-
romagnetic short-range correlations in the paramagnetic zone. The
dashed line indicates the change of the major character of the magnetic
correlations, but it is not a critical boundary.

at the same time enhance FM correlations in the PM phase.
On the other hand, the magnetostructural transition does not
take place in an abrupt single step, showing at least two clearly
identifiable stages.

Figure 7 shows a three-dimensional (7', H,M) phase di-
agram built up using the M(T) and M(H) curves at high
fields that perfectly superimpose along the whole phase
diagram. This phase diagram clearly defines the magnetic
phase coexistence regions labeled A and B in Fig. 7. When
region A is reached following a magnetization isotherm, the
system transforms from the AFM state to a partial FM ordering
where AFM correlations remain up to 23 T. For magnetization
isotherms reaching region B, the system transforms from an
AFM state to a nominal PM state where strong FM and
AFM correlations coexist, as previously stated.’ The magnetic
field and the temperature determine the extent of the FM
correlations and the size of the PM clusters in a way that, above
about the temperatures indicated by the dashed line in Fig. 7,
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the PM clusters dominate the behavior of the system, although
at moderately high fields FM correlations are noticeable.

IV. SUMMARY AND CONCLUSIONS

Ac susceptibility for GdsGe, polycrystals was measured
at several applied dc fields and frequencies, evidencing the
occurrence of an anomaly at 7 & 225 K which is associated
with the onset of a GL phase. The anomaly showed high
sensitivity to the dc field, disappearing gradually and being
barely observable at hg. = 200 Oe. The effective moment
calculated from a Curie—Weiss fit of the inverse of x’ in the
GL phase was larger than that of the PM phase, indicating the
existence of FM correlations. Besides, the critical temperature
increased with the applied field, approaching the value of
the Curie—Weiss law found in the PM region. These results
indicate the existence of AFM correlations that are disfavored
by the application of moderate dc fields. The weak frequency
dependence of T, similar to that of systems with high degrees
of frustration, such as spin glasses, could be associated with
an effective critical slowing down. Consequently, on reducing
the temperature, T determines the onset of a FM clustering
regime which originates from magnetic interactions among Gd
spins. This regime starts in a nominal PM disorderd region,
giving rise to a GL phase, and extends into the nominal AFM
ordered region.

By combining the M(T') and M(H) curves at high fields,
a (T,H,M) magnetic phase diagram was established. In
this phase diagram, regions of coexistence of AFM-FM,
AFM-PM, and FM-PM phases were clearly identified around
the tricritical point at about 81 K and 12 T.

All these magnetic features reveal the existence of regions
of strongly competing magnetic interactions where the three
main magnetic phases (PM, FM, and AFM) merge in the
phase diagram of GdsGes. The combined effect of magnetic
field and thermal fluctuations tunes the relative strength of the
intrinsic, competing intralayer ferromagnetism and interlayer
antiferromagnetism of GdsGey, creating different states of
mixed short and long-range magnetic correlations.
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