N
N

N

HAL

open science

Spin-glass-like behaviour and magnetic order in
Mn|[CrGalS spinels
T. Gron, J. Krok-Kowalski, A.W. Pacyna, T. Mydlarz

» To cite this version:

T. Gron, J. Krok-Kowalski, A.W. Pacyna, T. Mydlarz. Spin-glass-like behaviour and magnetic
order in Mn[CrGa|S spinels. Journal of Physics and Chemistry of Solids, 2009, 70 (5), pp.900.

10.1016/j.jpcs.2009.04.016 . hal-00543154

HAL Id: hal-00543154
https://hal.science/hal-00543154
Submitted on 6 Dec 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00543154
https://hal.archives-ouvertes.fr

Author’s Accepted Manuscript

Spin-glass-like behaviour and magnetic order in
Mn[Crg5Gay 5]S4 spinels

T. Gron, J. Krok-Kowalski, A.W. Pacyna, T. Mydlarz

PII: S0022-3697(09)00086-9

DOI: d0i:10.1016/j.jpcs.2009.04.016
Reference: PCS5835

To appear in: Journal of Physicsand

Chemistry of Solids

Received date: 6 November 2008
Revised date: 26 March 2009
Accepted date: 30 April 2009

Cite this article as: T. Gronf, J. Krok-Kowalski, A.W. Pacyna and T. Mydlarz, Spin-glass-
like behaviour and magnetic order in Mn[Crg5Ga1 5]S4 spinels, Journal of Physics and
Chemistry of Solids, doi:10.1016/j.jpcs.2009.04.016

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting galley proof
before it is published in its final citable form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply
to the journal pertain.


http://www.elsevier.com/locate/jpcs
http://dx.doi.org/10.1016/j.jpcs.2009.04.016

Spin-glass-like behaviour and magnetic order in

Mn[Cro5Gay 5] S, spinels

T. Groa®", J. Krok-Kowalski?, A.W. Pacynd’, T. Mydlarz®

@University of Slesia, Institute of Physics, ul. Uniwersytecka 4, 40-007Katowice, Poland
®The Henryk Niewodniczasiski Institute of Nuclear Physics, Polish Academy of Sciences, ul. Radzikowskiego 152,
31-342 Krakéw, Poland
“International Laboratory of High Magnetic Fields and Low Temperatures, ul. Gajowicka 154,

53-529 Wrocfaw, Poland

Abstract

Magnetization and susceptibility were investigated as a function of
temperature and magnetic field in polycrystalline Mn[CrosGay5]Ss spinel. The
dc susceptibility measurements at 919 Oe showed a disordered ferrimagnetic
behavior with a Curie-Weiss temperature 6. = -55 K and an effective magnetic
moment of 5.96 ug close to the spin-only value of 6.52 pg for Cr** and Mn?*
ions in the 3d® and 3d® configurations, respectively. The magnetization
measured at 100 Oe revealed the multiple magnetic transitions with a sharp
maximum at the Neéel temperature Ty = 3.9 K, a minimum at the Y afet-Kittel

temperature Tyx = 5 K, a broad maximum at the freezing temperature T; = 7.9 K,
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and an inflection point at the Curie temperature Tc = 48 K indicating a transition
to paramagnetic phase. A large splitting between the ZFC and FC
magnetizations at a temperature smaller than Tc suggests the presence of spin-
glass-like behaviour. This behaviour is considered in a framework of competing
Interactions between the antiferromagnetic ordering of the A(Mn) sublattice and

the ferromagnetic ordering of the B(Cr) sublattice.

Keywords: A. Spin glass; B. Ferrimagnetic ordering; C. Chalcogenide

1. Introduction

The MnCr,S, parent is an insulating ferrimagnetic normal spinel at low
temperatures with three different magnetic structures. Néel ferrimagnet, Y afet-
Kittel and tridimensional with the Y afet-Kittel-Néel transition at Tyx = 5.5 K,
the Curie-Weiss temperature 6.y = 10 K, the Curie temperature T¢ = 66 K and
the spontaneous magnetic moment per molecule of 1.27 ug [1]. MnCr,S, is a
semiconductor [2] above 80 K for which the Mott’s variable-range-hopping
mechanism of conductivity is suggested [3] and shows the n-p phase transition
at about 326 K [4]. Two A anomalies observed in the heat capacity of MnCr,S,
are accompanied both with ferrimagnetic ordering at 65 K and an additional
antiferromagnetic ordering of the A(Mn) sublattice at 4.8 K [3]. An electron-
spin-resonance study of MnCr,S, single crystals revealed a positive cubic
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magneto-crystalline anisotropy below T [5]. The X-ray photoelectron spectra
showed that in MnCr,S, the Mn ions are bivalent in a 3d® and the Cr ions are
trivalent in a 3d® eectronic configurations [6]. The effective magnetic moment
per molecule ug = 7.62 pg/f.u. is close to the spin-only value pgs = 8.06 ug/f.u.
(see Table 1).

The second end member GaysCr,S, is an insulating ferromagnetic normal
spinel with the Curie temperature Tc = 56 K and the Curie-Weiss temperature
Gew = 40 K [7]. For the same compound Nakatani [8] found Tc = 30 K, Gow =
20 K and 5 = 3.53 ug/Cr for a sample with spinel structure and Ty = 10 K, Gew
= -95 K and g = 3.60 ug/Cr for a sample with vacancy-ordered spinel
structure. Later, Belov et al. [9] found a spin-glass-like behaviour in GaysCr,Sy
with the freezing temperature T; = 4.5 K and the Curie-Weiss temperature 6oy =
10 K and Koroleva et al. [10] the magnetic moment per molecule of 0.4 ug,
obtained in afield of 50 kOe at 4.2 K. Some magnetic and electrical parameters
of the border spinels MnCr,S,; and Gay3Cr,S, are collected in Table 1.

In the isostructural MnCro.1 NS, spinel system the re-entrant spin-glass
(RSG) and spin-glass-like (SG) behaviour of magnetization caused by the
fluctuating competitive ferromagnetic (FM) and antiferromagnetic (AFM)
interactions at low temperatures in the substitution range 0.0 < x < 0.5 have been
observed [11]. The most pronounced RSG behavior of magnetization was
observed in the sample with the highest dilution in the substitution range. The
spontaneous magnetic moment vanishes in the range 0.15 < x < 0.5 and the

susceptibility of the samples has a non-monotonic temperature dependence with
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the maximum near T, = 16-17 K that shifts slightly with the substitution [11].
The dc magnetization measurements using the high field extrapolation of the
modified Arrot plotsin MnCro.o NS4 single crystals showed an influence of In
for Cr substitution on the para- to ferromagnetic phase transition [12]. Also, the
non-monotonic  temperature dependences of Kouvel-Fisher effective
susceptibility exponent for disordered samples and its increase with increasing
In concentration were established [12].

The present contribution reports the magnetic properties for MnCr,S,
ferrimagnet doped with high content of the non-magnetic Gaions (75 %) located
In octahedral sites of the spinel structure. It was thus natural to expect the strong
spin rearrangement of the magnetic moments and/or an appearance of a new

magnetic transition.

2. Experimental

A powder sample of .the Mn[CrysGa, 5]S; spinel was obtained with the aid
of a ceramic method [13]. The X-ray diffraction made with the aid of the
SIEMENS D5000 diffractometer revealed a single-phase material with the cubic
spinel structure of the (A)[B2] X4 type (where A= Mn, B=Cr and X=S) and the
space group Fd3m (No. 227). The brackets () and [] mean the tetra- and
octahedral coordination, respectively. The lattice parameter a = 1003.11(1) pm

and the positional anion parameter u = 0.383(2) were established. A Rietveld



refinement of the spinel structure showed an octahedral coordination [B] of the
Gaions.

Magnetization, dc and ac susceptibilities were measured using a step-
magnetometer at 4.2 K and in applied external fields up to 150 kOe, a Faraday
type Cahn RG automatic el ectrobalance in the temperature range 4.2-300 K and
in applied external magnetic field Hg. = 919 Oe as well as a Lake Shore 7225 ac
susceptometer/dc magnetometer in the temperature range 2-80 K and at different
internal oscillating magnetic fields H,. changing from 1 to 10 Oe with internal
frequency f = 120 Hz, respectively. The magnetization was measured in applied
external magnetic field Hg. = 100 Oe and 1 kOe and in two different cooling
modes. In the zero-field-cooled (ZFC) mode the sample was first cooled down
in the absence of an external magnetic field and then investigated while heating
in a given magnetic field. The field-cooled (FC) mode usually followed ZFC run
when the same magnetic field was set on at high temperatures and
measurements were performed with decreasing temperature. For both modes,
the cooling process always started from the paramagnetic state.

The dynamic ac magnetic susceptibilities were measured in the ZFC mode.
Before the proper ac measurements a testing procedure was done. The in-phase
y and out-of-phase y components of the ac susceptibility were recorded
simultaneously as a function of temperature and: 1) at different external static
fields Hg changing from O to 1 kOe, 2) at different internal oscillating field Hy
changing from 1 to 10 Oe with the internal frequency f = 120 Hz. A testing

procedure described above and depicted in Fig. 1 showed that the increasing



external static field Hg suppresses the fine magnetic structure while the
increasing internal oscillating field H,. reveals a spin dynamics in a system for
x (T) and the energy losses for y (T). Therefore, the signals of the second
(x,) and third (x,) harmonics associated with non-linear susceptibilities were
detected as a function of temperature using an oscillating field of 5 Oe without

applied static magnetic field. One can conclude that the fine magnetic structure

Is sensitive on akind and strength of magnetic field.

3. Results and discussion

Figure 2 shows a temperature dependence of dc mass susceptibility, y,(T),
of the Mn[Cros5Gay 5]Ss spinel. The curve deviates downward from its linear part
characteristic for ferrimagnetic coupling of magnetic moments. The negative
value of the CurieeWeiss temperature 6. = -55 K suggests a strong

antiferromagnetic component. The effective magnetic moment i = 5.96 ug/f.u.
estimated from equation: i = 2.83,/MC_ , where the molar mass M = 313 g
and the Curie constant C, = 1.417-10* K-cm°/g taken from experiment is quite
close to the spin-only value (pe; = 6.52 ug/f.u.). This value was calculated from

equation: pgs = +/ P, +0.5p2 , where p=2,/S(S+1) for aMn’* ion (S= 5/2)

with 3d° and for a Cr® ion (S = 3/2) with 3d® electronic configurations. It means
that the orbital moment of both magnetic ions is totally quenched due to strong

crystalline electric field interactions.



A shape of magnetic isotherms, o(H), made up to 60 kOe shows a lack of
saturation and a nonlinear increase of magnetization with increasing magnetic
field (Fig. 3), indicating that the spontaneous magnetization occurs in the
Mn[CrosGay 5]Ss sample. It disappears going into the paramagnetic limit (Tc =
48 K). Similar behaviour of o(H) has been observed for polycrystalline MnCr,.
NS, spinel with x = 0.3 [11]. An increase of magnetic field even up to 140
kOe at 4.2 K also did not give the saturation magnetization; however, appearing
hysteresis loop accompanied with a clear step in magnetization may suggest a
strong rearrangement spin processin asample (Fig. 4).

Figure 5 presents a temperature dependence of magnetization, o(T), at Hgc
= 100 Oe (lower picture) and 1 kOe (upper picture) measured in ZFC and FC
cooling modes. There is no difference between ZFC and FC magnetizations at 1
kOe and the fine magnetic structure is not visible. Generally, a curve shape at 1
kOe suggests a ferrimagnetic ordering. Next, a curve, o(T), a Hq. = 100 Oe
(lower picture) shows the multiple magnetic transitions with fine magnetic
structure. At low temperatures we observe a collinear antiferromagnetic order of
magnetic moments with a sharp peak at the Néd temperature Ty = 3.9 K. This
ordering is ascribed to the A(Mn) sublattice because it correlates well with the
temperature dependence of the local magnetic moments of the Mn ions obtained
by neutron diffraction [14]. A minimum at Tyx = 5 K is attributed to a transition
from a collinear Néel magnetic structure to a triangular Y afet-Kittel type [15].
Our value of the Y afet-Kittel temperature Tyx = 5 K for Mn[CrysGay 5] S, spinel
iscloseto 5.5 K for MnCr,S, [15], pointing out the same mechanism connected
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with a canting of the Mn moments (assigned to strong AFM A-A interactions)
with respect to the Cr moments (assigned to FM via the sulfur ions
superexchange B-S-B interactions [16]). A broad maximum at the freezing
temperature Ty = 7.9 K and a large splitting between the ZFC and FC
magnetizations with decreasing temperature are characteristic for a spin-glass-
like behavior. Probably, in this case it is not a conventional spin glass with
randomly oriented magnetic moments but it has a re-entrant character connected
with a bond frustration of competing AFM and FM exchange interactions of
nearly equal strength. No similar behaviour in the parent MnCr,S, spinel was
observed. So, a presence of the re-entrant spin-glass state in the Mn[CrqsGay 5] Ss
spinel maybe a consequence of dilution of magnetic B(Cr) sublattice by the non-
magnetic Ga ions. The temperature dependence of magnetization, o(T), at Hg. =
100 Oe between the freezing temperature Ty = 7.9 K and the Curie temperature
Tc = 48 K indicates rather a ferrimagnetic order, although at T the B(Cr)
sublattice usually orders ferromagnetically in the case of sulfur spinels [16],
whereas the A(Mn) sublattice still remains quasiparamagnetic, just as in
MnCr,S, [3].

The higher harmonics of ac susceptibility, resulting from hysteresis and
nonlinearity of magnetization [17] are helpful for interpretation of spin
arrangement in the spinel under study, too. The second y»(T) and third y3(T)
harmonics presented in Figs. 6 and 7 have one feature in common: they vanish
below T; and above T¢ in accordance with the simple molecular field theory

[18]. We suggest the following scenario of magnetic ordering between T; and T¢
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in the Mn[CrosGay s]S, spingl. The in-phase second harmonic 7, (T)is negative

and has a large minimum close to T indicating a parallel spin arrangement in
this temperature region as dominant. The out-of-phase second
harmonics y, (T)is positive and has a high maximum also close to Tc relating to
the energy dissipation (Fig. 6). The in-phase third harmonic y,(T) has a positive
large peak and a negative small one close to T; indicating a ferrimagnetic spin
arrangement in this temperature region as dominant. This state may result from
the fact that the longitudinal component of the magnetic moment of the A(Mn)
sublattice is ordered antiparallel to the moment of the B(Cr) sublattice (ordered
paralel), whereas the transverse component of the moment of the A(Mn)
sublattice is fully disordered [3]. The second negative small cusp observed for

%.(T) confirms a parallel spin arrangement at Tc. Similarly, the out-of-phase
third harmonics y, (T) is positive and has a high maximum close to T; relating to

the energy lost (Fig. 7). In general, the out-of-phase harmonics are usually
associated with the energy losses, connected for example with the magnetic-
domain-wall motion or with rotation of magnetization within domains [19].
Figure 8 presents a dependence of ac mass susceptibility vs. magnetic field,
Zac(H), up to 60 kOe for Mn[CrosGay 5]Ss spinel. No critical fields characteristic,
e.g. for a metamagnetic transition and/or a transition from a conical spin
arrangement into ferromagnetic phase [20] were observed. Only a smal
hysteresis loop at 4.3 K is visible in the insets of Figs. 3 and 8 confirming a

strong rearrangement spin process in a sample. A lack of critical fields means



that the sample under study is far from saturation magnetization. It concerns also
the A(Mn) and B(Cr) magnetic sublattices treated alone. This suggestion is in
agreement with the observed saturation magnetization of 6 ug found in high
magnetic fields of 300 kOe for MnCr,S, [21], where the magnetic moment of
the Mn ions becomes perpendicular to the Cr moment. It takes effect that the
longitudinal component of the moment of the Mn ions becomes zero and only

the Cr moment remains visible in the saturation state [3].

4. Conclusions

In concluson, we have discovered the spin-glass-like behaviour and
complex magnetic order in Mn[CrosGays]Ss spinel by observation of
magnetization at low magnetic fields up to 100 Oe in ZFC and FC cooling
regime. A dilution of magnetic sublattice B(Cr) by nonmagnetic Ga-ions ensures
a bond frustration resulting from a competition between AFM and FM exchange
interactions of nearly equal strength. The dc magnetic field of 1 kOe destroys
the fine magnetic structure with multiple magnetic transitions conserving the

ferrimagnetic ordering of magnetic moments.
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Tablel

Magnetic and electrical parameters of the border compounds MnCr,S, and
Gayp3CrySy. Tyk, Ty Tr, Gow and T are the Y afet-Kittel, Néel, freezing, Curie-
Weiss and Curie temperatures, respectively, C,, is the molar Curie constant, s
Is the effective magnetic moment per molecule, pgs IS the theoretical effective
magnetic moment per molecule, p is the electrical resisitivity at room

temperature, E, is the activation energy at T > 260 K and Sis thermopower at

313 K.

Spinel Tvk 0cw Tc  Cn Left Pert P Ea [S Refs
(K) K (K) (Kem¥mol)  (ug/fu) (wefu) (Qem) - (&Y)  (uV/K)

MnCr,S, 55 10 66 725 7.62 8.06 410° 03  -143 [1-4]

GapsCroS - 40 56 - - - 4102 - - [7,10]

20 30 311 4.99 5.48 - - - (81"

Tv=10 -95 - 323 5.09 5.48 - - - [8]?
T=45 10 - - - - - - - (9]

Dspinel structure. ?Vacancy-ordered spinel structure.
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Figure captions

Fig. 1. Zero field ac susceptibilities y (T) and y (T) recorded simultaneously

as a function of temperature T with internal frequency f = 120 Hz at oscillating
magnetic fields of 1 and 10 Oe where different external static fields Hgc
changing from O to 1 kOe. The arrows indicate an increase of (ac) and (dc)

magnetic fields.

Fig. 2. Mass susceptibility y, and 1/, vs. temperature T recorded at Hy. = 919

Oe. The dashed line indicates a Curie-Weiss behavior.

Fig. 3. Zero field cooled dc mass magnetization M vs. magnetic field H up to 60
kOeat 4.3, 7.2, 9.9, 14.9 and 39.4 K. Inset: the onset of the o(H) dependence up

to 1.0 kOe showing a hysteresisloop for T =4.3 K.

Fig. 4. Zero field cooled dc mass magnetization M vs. magnetic field H up to

140 kOe at 4.2 K. A run of magnetic field isindicated by arrows.

Fig. 5. Temperature dependence of zero field cooled (ZFC) and field cooled

(FC) dc mass susceptibility y, recorded at Hq = 100 Oe and 1 kOe. The

temperatures of Ty, Tvk, T and Tc are indicated by arrows.
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Fig. 6. Temperature dependence of the real y,and imaginary y, components of

zero field second harmonic of ac susceptibility with internal frequency f = 120
Hz at oscillating field Hy = 5 Oe. The temperatures of Ty and T are indicated by

arrows.

Fig. 7. Temperature dependence of the rea y,and imaginary y, components of

zero field third harmonic of ac susceptibility with internal frequency f = 120 Hz
at oscillating field Hy. = 5 Oe. The temperatures of T; and T¢ are indicated by

arrows.

Fig. 8. Zero field cooled ac mass susceptibility y.: vs. magnetic field H at 4.3,
7.9, 12.7, 17.4 and 36.7 K. Inset: the onset of the y..(H) dependence up to 1.0

kOe showing a hysteresisloop for T = 4.3 K.
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