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Abstract Magnetic properties of DyAlg 9,6Crg.07405 and
DyAIOj; were studied. We found that both the compounds
are antiferromagnetic with a low Néel transition tempera-
ture. At higher temperatures the magnetic characteristics
show a Curie—-Weiss dependence. Néel temperature dis-
appears when a field of about 2 T is applied, the system
changes from an antiferromagnetic to a weak ferromag-
netic behavior due to a metamagnetic transition. Further-
more, AC magnetic measurements in the Cr-doped
compound, at different frequencies, show a spin glass-like
behavior. These transitions were studied and corroborated
by specific heat measurements. We found the presence of
metamagnetism and spin glass in the compound doped with
chromium, determining that the small addition of chro-
mium atoms modifies the magnetic properties of the
compound DyAlQOs, resulting in new features such as the
spin glass-like behavior.

Introduction

The large family of compounds known as perovskites has a
simple crystal structure, related to the mineral CaTiOs.
This family forms an enormous variety of compounds with
a very rich variant in its chemical and physical properties.
The base compound, ABXj; type, presents a cubic crystal
structure in its ideal form. This can be described as corner
sharing BX¢ octahedral, where A cation, that is in the
middle of the structure, has 12-fold coordination site [1, 2].
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Perovskites show many structural modifications that
according to the used atoms give place to a great variety of
magnetic and electronic characteristics. An example of a
compound whose structure present a distortion of the ideal
perovskite form is the orthorhombic DyAlOs5 [3, 4], which
magnetic behavior is widely known [5-10], and interpreted
from the viewpoint of the Anderson model of magnetic
exchange in insulators, with a mechanism of indirect
exchange between the nearest Dy ions [11].

According to neutron diffraction study of the compound
[10], the dysprosium atoms form a magnetic structure of
type G,A,, in Bertaut’s notation, which corresponds to the
space group Pbnm. Magnetic order generated by dyspro-
sium resembles two antiferromagnetic networks embedded,
one of them canted relative to one another. DyAlOj has this
antiferromagnetic behavior below Ty ~ 3.5 K. Moreover,
DyAIOj; exhibits a metamagnetic transition that is related
to an abrupt change of one or more magnetic sublattices
under an applied field [5, 7, 8].

The subclass of magnetic materials known as the spin
glass materials consist in a mixed-interacting magnetic
system formed by magnetic moments randomly located in
a lattice, leading to multidegenerate ground states but also
a cooperative freezing transition at a well-defined tem-
perature, the freezing temperature 7y [12—14].

At high temperature all magnetic moments in a spin
glass are independent. As the temperature decreases some
spins build up into locally correlated units, spins that are
not included in this formed clusters take part interacting
between them. Finally, at Tt the system achieve one of its
many ground states and freezes, process that is understood
as a cooperative effect. Consequently, below T} a spin glass
posses metastability reflecting in a divergence between the
field-cooled and zero field-cooled magnetic susceptibility
below T;, among other features.
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Perovskites of the type TRMO; (TR = rare earth,
M = transition metal) with partial substitution of the
transition metal or the rare earth show spin glass behavior
[15-17]. DyAlO; is an antiferromagnetic material and its
magnetic behavior with partial substitutions has not been
determined yet.

In this paper, we report magnetic measurements on the
orthorhombic perovskites: DyAlg 926Crg.07403 and DyAlOs.
The small amount of Cr was eventually used to observe the
behavior of the compound, and also in other lanthanide
perovskites as magnetic pigments; however, we must stress
that the spin glass behavior was a serendipitous discover,
and was only observed in this compound, more different
compositions will be studied in the future. Magnetic prop-
erties were carried out by DC and AC molar susceptibility
measurements. The DC susceptibility was measured at
different magnetic fields and temperatures, meanwhile the
AC susceptibility was performed as function of temperature
and frequency. In addition, specific heat measurements as
function of temperature and magnetic field were performed.
The main results of this report are that in the doped com-
pound the metamagnetism persists and a spin glass behavior
is developed below 3.2 K. We analyze the spin glass-like
behavior using the conventional critical slowing-down spin
dynamics.

Experimental details

The materials used for the synthesis were: Dy,Os3,
AI(NO3)3-9H,0, and Cr,O; provided by J. T. Baker.
Compounds were prepared by mixing the starting materials
in the relations to the chemical formula: DyAlg ¢3Crg. 0703
and DyAIlO;. All powders were mixed in an agate mortar.
Platinum crucibles were used. Residual compounds as
water and nitrogen oxides were eliminated by the thermal
treatment. Samples were annealed in a furnace at 900 °C in
a period of 24 h, after this first treatment the resulting
powders were fired at temperatures about 1000 °C in a
period of 96 h. Samples were characterized by X-ray
powder diffraction (XRD) with a Siemens D5000 diffrac-
tometer, using Co K,; wavelength and a secondary
graphite monochromator. Measurements were carried out
on the 26 range from 5° to 110°. Rietveld analysis [18] was
performed, using the Fullprof software, in order to distin-
guish more clearly the influence of chromium atoms and
characterization of all crystal cell parameters.

Magnetic measurements were performed using a Mag-
netic Properties Measurements System (MPMS) Quantum
Design magnetometer. The range of measured temperature
was from 2 to 300 K and the applied magnetic field was
about 5 T. Measurements were performed in zero field
cooling (ZFC) and field cooling (FC) modes. Isothermal
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magnetic measurements were performed between £5 T,
for sample doped with Cr at 2 and 3.2 K and for DyAlOj; at
2 and 5 K. AC magnetic measurements were performed, in
both compounds, with an applied magnetic field of 1 Oe
and frequencies from 50 to 1000 Hz. Furthermore, specific
heat Cp measurements were performed in a PPMS of
Quantum Design at zero magnetic field and high magnetic
fields up to 9 T. In these measurements, the specific heat
addenda, sample support and grease, were extracted to
obtain the absolute Cp of the sample.

Results and discussion
Structural characterization

The examination of X-ray diffractograms shows that the
perovskite-based structures DyAlg 93Crg 705 and DyAlO5
have orthorhombic symmetry with Pbnm space group. Fig-
ure 1 shows the results of the Rietveld refinement, and
Table 1 contains the crystallographic data of the samples.
The occupation factor reveals that the chromium resides in
the same position of aluminum atoms in the unit cell, besides,
give us information about the quantity of Al ions that are
being substituted by Cr. Accordingly, the stoichiometry
changes gave the resulting formula Dy Al 96Crg.07403. This
will be used as the real stoichiometry in all the text. The
polycrystalline phases were identified by comparison with
X-ray patterns in the Inorganic Crystal Structure Database
(ICSD) 2012. All peaks correspond to the DyAlOj; phase [4],
except the peaks related to Dy,Oj3 found in low proportion in
the compound; however, according to our results this
impurity is not affecting the observed magnetic character-
istics. Rietveld refinement was made using crystallographic
data of the isostructural compound GdAIO; (ICSD 59848)
and Dy, 03 (ICSD 82421). In the distorted perovskites, APT
and Cr’" jons remain essentially in octahedral sites; thus,
when AI’" is substituted by Cr°", which is about 12.3 %
bigger than the size of AI’", the Al-O distance decreases.
Despite the inclusion of chromium, the volume of unit cell
does not present a considerable change, only about 0.4 %.

Magnetic measurements

In Fig. 2, the main panel displays the magnetic suscepti-
bility, y(7), for the compound DyAl 926Crg 07403, from 50
to 2 K at six different magnetic fields. It could be thought
that the peak at about 3.2 K is only the signature of an
antiferromagnetic transition, Ty, due that the undoped
compound has a similar transition at 3.55 K corresponding
to Néel temperature [8, 10]. However, a careful observation
shows that the peak is quite broad, and also the size of the
peak is very dependent of the intensity of the applied
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Fig. 1 (Color online) Rietveld refinement of the DyAlO; and
DyAl.926Cr9.07403 samples. Red and purple lines are the experimen-
tal data, the superposed black line is the calculated pattern. At the
bottom of each diagram, the difference between experimental and
calculated data is shown in blue line. Vertical green marks are
displayed in two rows, upper ones correspond to the Bragg positions
for DyAlO; and lower ones to Dy,0; patterns

magnetic field: it is smoothed with increasing field and
finally at 2 T it disappears. Thus, accordingly to this, the
peak may be related to an antiferromagnetic transition with
another physical process associated.

The upper inset in Fig. 2 shows measurements in ZFC
and FC modes at low temperature. The different behavior
of the ZFC and FC curves, besides the width of the peak,
suggests us a spin glass behavior. Careful examination of
x(T) measurements at 5 T shows a negative curvature at
low temperature, clearly seen in the main panel and in the
lower inset of Fig. 2. This change must be compared with
the curves measured at 0.001, 0.01, 0.1, and 0.5 T. The
change of curvature is also an indication of a metamagnetic
transition induced by the magnetic field; thus, a change
from canted antiferromagnetism to a weak ferromagnetism.

The inverse of the susceptibility y(I)~" of DyAlp.926.
Cro.07403 provides more information about the magnetic
behavior. The experimental data above 100 K were fitted
(continuous line) with the Curie—Weiss law, as illustrated
in Fig. 3. From the fitting, we obtain the Curie constant, C,
and the Curie-Weiss temperature, Ocw. Measurements of
the specimen in 0.001 T give C = 10.6 cm® K mol ', and
Ocw = —7 K; whereas, the measurement performed at
5T gives C = 12.62 cm® K mol ™!, and Ocw = —3.4 K.
Those changes in the constants can be correlated to the
shift of the magnetic behavior in a very clear manner.
Magnetic effective moments, ., Curie constants, and
Curie—Weiss temperatures are slightly dependent on the
applied magnetic field, showing only very small changes:
for low field, 0.001 T, gesr = 9.6 ug, whereas for

Table 1 Crystallographic data

for DyAlg.926Cr,07403 and
DyAIlO; obtained by Rietveld
refinement. Symmetry is
described by the orthorhombic
space group Pbnm; standard
deviations are written between
parentheses

Rp (%)

20.7

Parameters (/0\):
Volume (1&3):

Rwp (%)

29.8

a = 5.33423(3)
205.948(0.002)

Re (%) 7

24.81
b = 7.40830(4)

1.44
¢ =52115503)

DyAlp.926Cr0.07403

Site X y z Occupation

Al 0 0 0 0.463(3)

Dy 0.44982(11) 0.25000(0) —0.00999(21) 0.500(0)

o1 0.02531(121) 0.25000(0) 0.07013(136) 0.500(0)

02 0.29257(108) —0.04074(76) 0.21421(115) 1.000(0)

Cr 0 0 0 0.037(3)
DyAlg.926Cr0.07403 Dy,0s

Phase fraction (%) 98.10(0.29) 1.90(0.04)

Rp (%) Rwp (%) Re (%) s

22.0 . 29.8 23.28 1.63

Parameters (A) a = 5.31986(3) b = 7.40187(5) ¢ = 5.21007(3)

Volume (A% 205.157(0.002)

DyAIO;

Site X y b4 Occupation

Al 0 0 0 0.500(0)

Dy 0.45209(11) 0.25000(0) —0.00953(20) 0.500(0)

O1 0.00769(112) 0.25000(0) 0.06031(134) 0.500(0)

02 0.28016(115) —0.03580(74) 0.21425(106) 1.000(0)
DyAlO; Dy,05

Phase fraction (%) 93.27(0.26) 6.73(0.06)
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Fig. 2 (Color online) y(7) in ZFC mode for the compound
DyAly.926Cr0,07403 determined at several magnetic fields from
0.001 to 5 T. The main panel shows y(T) from 2 to 50 K. The peak
observed at low field indicates the antiferromagnetic transition at
about 3.2 K. The upper inset displays the irreversible behavior of the
curve with measurements performed in FC and ZFC modes at 0.01 T.
Lower inset shows the behavior at H =5 T in ZFC mode from 2 to
300 K

5 T perr = 10.03 ug. These values are similar to the the-
oretical value of Dy*" of 10.65 ug. Experimental values
of et of DyAlO; reported are 9.2 ug [6] and 0.38 ug in
nanocrystals [5].

Figure 4 shows the magnetization as a function of
magnetic applied field M(H) at 2 K, below Néel tempera-
ture. When the field is increased and decreased for the
doped and pure compounds, shown in the top and bottom
panels, respectively, a slope change is observed
about +10 kOe, this change corresponds to the metamag-
netic transition. This transition agrees well to previously
reported one for DyAlO; [5]. We must stress the persis-
tence of the metamagnetism in the Cr-doped compound,
although it is quite reduced. The reduced metamagnetism
in the doped compound compared to the undoped one may
be explained by the distortions created by the Cr magnetic
moment. The small amount of Cr introduces small distor-
tions in the magnetic structure in the three magnetic sub-
cells of the compound, but without completely destroying
the metamagnetic behavior. The Cr introduces disorder that
modify the magnetic interactions between Dy atoms.
Moreover, it is shown that saturation magnetization of
compound doped with Cr is higher than nondoped one.

Specific heat and AC susceptibility
Specific heat measurements provide information about
magnetic transitions. The specific heat of DyAlO; has a

transition lambda type at about 3.5 K [9, 19], in agreement
to the magnetic measurements. The transition observed in
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Fig. 3 (Color online) Inverse of the magnetic susceptibility, (7)™
measured at different magnetic fields for DyAlg 926Cro.074053. Lines on
the experimental data are the fitting to the Curie—Weiss law at two
fields, 0.0001 and 5 T. C‘s are the Curie constants, and Curie—Weiss
temperatures are the resulting values of the fitting

Cr. O

0.926 = 0.074 =3

DyAl
100 +

l‘,"

-100‘.-’.‘/ i

100 - 8

M (emu/g)

-100 F M,«"" ]

-50 -25 0 25 50
H(kOe)

Fig. 4 (Color online) The fop panel presents the metamagnetic
change of the doped Cr compound in M(H), whereas the bottom panel
displays the well-known metamagnetic transition of DyAlO;. Data of
two panels were taken at 2 K below Néel temperature. It is interesting
to compare both figures; in the Cr-doped sample, the metamagnetic
behavior is clearly seen but quite reduced as compared with the pure
compound

DyAly 926Cro.07405 (Fig. 5) is not of the lambda type,
suggesting that Cr produces some effect on the magnetic
order. Figure 5 presents specific heat measurements at two
magnetic fields: 0 and 5 T. The main panel displays these
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measurements from 2 to 50 K. The red curve (triangles)
shows the measurements at zero magnetic field, whereas
the black dots are the measurements with field at 5 T. Two
important changes must be noted: at zero field and low
temperature a peak is clearly seen and is associated with
the antiferromagnetic transition, this peak was also seen in
the ¥ (7) measurements. However, with 5 T the peak at low
temperature disappears, and a small bump is present at
about 38-40 K.

Assuming that DyAl ¢,6Cr 07403 is an electric insula-
tor the specific heat data were fitted between 3.1 and 10 K
with the following equation [20]:

CP = OCT72 + B3T3 + ﬁsTS + ﬁ7T7,

the first term represents the contribution to Cp because of
the short-range-order effect of the spin alignment when
T approach to Ty from high temperature [21]. The second
term is the harmonic contribution of the lattice vibrations,
whereas the last two terms are due to quasi-harmonic
contributions to the specific heat [22]. Those terms give f
values very small but important in the case of anharmo-
nicity produced by impurities or disorder as we considered
for the case produced by the chromium atoms. The upper
inset in Fig. 5 displays the curve portion of Cp — T data
and the obtained fit, continuous line. From the fitting, we
obtain: o = (30.88 £ 0.374) J K/mol; f5; = (0.00181 +
8.8 x 107°) J/mol K* fis = (—7.86 x 107° £ 8.6 x 1077)
J/mol K% B, = (1.23 x 107® £ 1.86 x 10™") J/mol K&,
Using the Debye approximation; fz = 1973.7s05°, where
s is the number of atoms per formula unit, we obtain
Op = 175 K, in agreement to Op values reported for
DyAlO; [23, 24]. The lower inset of Fig. 5 displays the
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Fig. 5 (Color online) The main panel displays the specific heat of
DyAl.926Cr1,07403 from 2 to 50 K at two magnetic fields: 0 and 5 T.
Note the suppression of the Néel peak at low temperature, but also a
bump at a temperature about 38 K at H = 5 T. Top inset shows a
fitting (continuous line) of the data at low temperatures. The bottom
inset displays a close view of the influence of the magnetic field and
the suppression of the peak at 2.3 K

magnetic effect on the anomalous peak associated to Néel
temperature. Note the variation of the size of the peak as
the field is increased, this peak is quite width and behaves
differently to normal antiferromagnetic peak. In fact this
anomalous shape take us to perform AC magnetization
measurements as a function of frequency, study that is
showed in the last part of this section.

Figure 6 shows the influence of the magnetic field in
specific heat measurements at temperatures between 50 and
25 K; in this figure, we plotted Cp/T versus 7. In this tem-
perature range, two bumps arise with a field of 2 T, at
temperature about 37.3 and 43.4 K, increasing in size as the
magnetic field was increased. It is necessary to remark that in
the curve measured at zero field there is no feature at all. We
must also mention that a Schottky anomaly reported in
Dy,05 at 45 K could be related to this feature [25]; however,
it is also clear that if the Schottky anomaly has some influ-
ence this necessary will be present without magnetic field.
Because of the magnetic measurements do not show any one
feature, at around the temperatures where the bumps are
observed in Cp(7), we think that these bumps could be
related to a structural modification produced by the magnetic
field, as was observed on single crystals of DyCrOs [26].

Figure 7a and b displays the real part ¥’ and imaginary
part " of the AC susceptibility as a function of tempera-
ture and frequency, f, of the doped compound. The mea-
surements were performed at seven different frequencies.
The maximum of ;'(T) displaces to higher temperatures as
the frequency increases. This behavior has been associated

0.30

©
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o

C./T (J/mol K?)

0.20

25 30 35 40 45 50
Temperature (K)

Fig. 6 (Color online) Plot of Cp/T — T from 50 to 25 K of
DyAl.926Crg.07403, measured at different magnetic fields, from 0
up to 9 T. It is clearly seen a bump arising at a temperature about
37.3 K and a smoother one around 43 K
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Fig. 7 (Color online) Imaginary part (a) and the real part (b) of the
AC susceptibility of DyAlygy6Cro07403, at different frequencies
showing spin glass characteristics. ¢ shows the real part of the AC
susceptibility 5'(T) of DyAlOs
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Fig. 8 (Color online) Dynamic scaling of the critical slowing down
of the compound DyAljgy¢Cro07405 extracted from y/'(7) data at
various frequencies f

to spin glass systems. It is noteworthy that above 6 K,
%' (T) becomes frequency independent. Figure 7¢ displays
%' (T) of DyAlQs, its behavior belongs to an antiferromag-
netic material. There is not a frequency effect on the
maxima of the AC susceptibility, demonstrating that the
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insertion of Cr in the lattice provokes spin glass behavior.
It is noteworthy to mention that there are few previous
studies where spin glass, antiferromagnetism, and meta-
magnetism are present in the same specimen.

AC susceptibility measurements as a function of fre-
quency permit to obtain information about the dynamic
behavior of spin glasses using the standard critical slowing-
down formula [13]:

T - Tf — Tg -
) B Tg ’

where 1 = (27 )~ is the relaxation time, zv is a critical
exponent, and 7, is a microscopic relaxation time corre-
sponding to the shorter time available to the fluctuations. T
is the freezing temperature, defined as the temperature at
the maximum of y/(T), meanwhile T, is the critical tem-
perature for spin glass ordering equivalent to T{w) as w —
0 [27, 28]. The main panel of Fig. 8 displays log(f) versus
log[(T; — T,)/T,] for the different frequencies used in the
AC susceptibility measurements. The straight line is the
best fit to the data obtained with: Ty~ 2.5 K, zv ~ 4.1, and
7o ~ 6.7 x 107 s. The value of zv for several spin glasses
is between the values 4 and 12 [29]. However, the values
expected for 7( in conventional spin glass are of the order
of 107" s, shorter than the value obtained for DyAlg.g26-
Crp97403. 79 values of the order of 107'° s have been
reported in systems where formation of glazing clusters
with ferromagnetic order [16, 30]. Values of 75 ~ 107
and zv & 1 have been reported in compounds where two
dynamical freezing processes are in the same system [31].

DC and AC magnetization measurements on DyAlj g6
Cro.07403 at low temperature and low magnetic field sug-
gest that antiferromagnetism and spin glass coexists below
T,. As mentioned before the antiferromagnetic state was
produced by the Dy sub-cells and the spin glass is pro-
duced by the Al network with Cr impurities. One last point
worth to mention is the fact that the DC magnetic mea-
surements at low field, in the Cr-doped compound, show
Tn = 3.1 K, whereas the analysis of the relation of fre-
quency and the freezing temperature gives T, = 2.5 K that
coincides with the maximum of Cp(7) at low field and low
temperature.

Conclusions

Two Dy orthoaluminate perovskites with space group
Pbnm, formulae DyAlO; and DyAlggy6Crp.07403, were
studied and compared. The Cr-doped compound maintains
the metamagnetic transition observed in DyAlO;, but quite
reduced and changing from an antiferromagnetic behavior
to a weak ferromagnetism. The AC susceptibility mea-
surements indicate an unusual spin glass-like behavior as
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the dynamic analysis shows; a long relaxation time that
indicates the presence of two dynamical freezing processes.
This different behavior respect to other spin glasses may be
because the complicated magnetic structure of the com-
pound, as already studied by other researchers. Interesting
magnetic features were observed in the specific heat mea-
surements at about 35-45 K, with increasing magnetic
field. These magnetic anomalies observed in our specific
heat measurements are indicative of the complicated
magnetic structure of the compound. All these observations
situate the DyAlj9:6Crg07405 as an uncommon glassy
compound that requires further investigations.
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