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NazLn(POy), orthophosphates (Ln = La, Gd) doped with Er>* and co-doped with Cr3* ions were synthesized by Pechini
method and characterized by electron paramagnetic resonance (EPR) and magnetic susceptibility measurements. Low temper-
ature EPR spectra were detected and analyzed in terms of temperature dependence and the structure of the obtained materials.
They show that erbium and chromium ions substitute Ln3* and also Na* ions or Na™ channels forming complex EPR spectra.
Both kinds of ions reveal ferromagnetic type of interaction which shows some anomaly at the temperature between 10 K and
15 K. Magnetic susceptibility reveals a weak antiferromagnetic kind of interaction dominating in the whole temperature range,

from 3.5 to 300 K.
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1. Introduction

Various lanthanide phosphates have been a sub-
ject of extensive structural and spectroscopic stud-
ies due to their important optical properties [1-12].
They exhibit a good chemical and thermal stability
and optical efficiency. Therefore, they are applied
as green light emitters in fluorescent lamps when
doped with terbium [13] or mini-lasers when doped
with neodymium [14]. Recently, a new approach
to well known materials has been applied since the
discovery of unique properties of nanoceramics ob-
tained by high-pressure technique [15]. The phos-
phates of the M3RE(POy4); composition, where
M = Na, K or Rb, RE — a rare-earth element — be-
long to glaserite-type structure compounds and are
characterized by rich polymorphism. Moore [16]
introduced a bracelet and pinwheel description for
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glaserite-like sulfates. Applying this approach to
glaserite-type double phosphates, the pinwheel or
the structural subunit is formed by [REOg] octa-
hedron that shares its six corners with [POy4] tetra-
hedron that alternates “up” and “down.” The pin-
wheels are linked through [PO4] tetrahedra to form
layers with alkali atoms located between the layers.
Depending on the radius of RE ion its coordination
may increase to seven/eight and the symmetry may
be lowered (from hexagonal to monoclinic). Their
structural and optical properties have been stud-
ied in detail [16-30]. Main orthorhombic forms of
sodium orthophosphates Naz;RE(PO4), have been
optically characterized [8, 18-20, 24, 30]. The
phosphates doped with various active ions could be
easily obtained and commercially used. In a previ-
ous paper, we described Pechini method of synthe-
sis as well as the thermal behavior and properties
of sub-microcrystalline Yb3+—d0ped Na3;RE(POy4),
orthophosphates, where RE = La, Gd, Y [31].
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Their structure, vibrational, optical absorption
and emission spectra were analyzed and possible
applications of the studied orthophosphates were
discussed. To find possible sites occupied by rare-
earth or transition metal ions it is worth doping
Na3;RE(PO,4), with, e.g. two agents. Erbium ion
is interesting due to its luminescence properties,
chromium ion could be a probe. The basic features
of Cr** in a number of crystalline solids are es-
tablished so well that Cr** is frequently used as a
probe to study the structure and the local symmetry
of new materials. In the present paper we describe
EPR and magnetic susceptibility measurements of
erbium doped and chromium co-doped lanthanum
and gadolinium orthophosphates. Magnetic proper-
ties of the compounds have been analyzed and dis-
cussed in terms of lattice positions of incorporated
dopants and the structure of these materials. They
are strongly dependent on Ln** cations.

2. Experimental

NazLing g9 —x Erg o1 Crx(PO4), phosphates of the
composition Ln = La, Gd; x = 0.001 to 0.004 were
prepared by a modified Pechini process [32]. A de-
tailed description of the synthesis was presented in
the literature [31]. After the synthesis all the sam-
ples were calcined at 700 °C for 1 h. Annealing
of the obtained orthophosphates at 700 °C led to
grains of ~200 nm. The detailed crystal structure of
NazLa(POy); is not known. Some similarity of this
structure to that of Na3Ce(PO4); has only been sug-
gested. The latter compound adopts the orthorhom-
bic space group Pca2, (C3,,) structure with the lat-
tice parameters of about: a = 14.1, b = 5.4 and
c=18.7 10%, Z = 8 [33]. In this structure, each Na™
ion is surrounded by six Na™ and two Ce3* ions.
Each Ce* ion has eight sodium ions in its neigh-
borhood. Ce** ions occupy the sites of the gen-
eral C; symmetry, and can be substituted by doping
ions (Fig. 1a).

Sodium gadolinium phosphate, Na3Gd(POy),,
has been obtained in different crystal structures:
trigonal, tetragonal, orthorhombic and monoclinic.
One of the monoclinic modifications was refined
in the space group C2/c (Z = 12) with the unit

cell parameters of about: a = 27.5 A b=53A4A,
c =139 A, B = 91.3°, V = 2039 A3 [12].
This structure is built by three-dimensional
GdP,0g%~ anionic framework with two dif-
ferent types of internal tunnels incorporating
Na atoms (C; and C; site symmetry). Iso-
lated PO, tetrahedra (C; site symmetry), and
two types GdOg and GdO; polyhedra (C; and
C, site symmetries) build this framework. The
Gd-Gd distances in the unit cell lie in the range
of 4.742 A to0 6.458 A. In such a structure Er** and
Cr3* ions can substitute the Gd-sites as well as tun-
nels occupied by Na™ ions (Fig. 1b).
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Fig. 1. Crystal structure of (a) NazCe(PO4); [33] and
(b) NazGd(POy); [12].
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The first derivative of the powder absorption
spectra was recorded as a function of an applied
magnetic field on a conventional X-band Bruker
ELEXSYS E 500 CW spectrometer operating at
9.5 GHz with 100 kHz magnetic field modula-
tion. Temperature dependences of EPR spectra of
the samples were recorded using an Oxford Instru-
ments ESP helium-flow cryostat.

The static (DC) magnetic susceptibility mea-
surements were performed using a Quantum De-
sign MPMS XI-7 with EverCool Magnetic Prop-
erty Measurement System. The measurements
were performed at temperature up to 305 K and
magnetic field in the range H = 100 Oe to
10.000 Oe. DC susceptibilities were measured in
the zero-field-cooling (ZFC) and field-cooling (FC)
modes.
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3. Magnetic properties of
NazLag g9 - xErg 01 Crx(POy);:
x = 0.001 to 0.004

3.1. EPR results

Powder samples of NazLa(POg4);:1 mol% Er,
0.1 to 0.4 mol% Cr compounds were investigated
using EPR technique. The X-band resonance spec-
tra registered at temperature 3.5 K to 300 K re-
vealed the presence of a complex signal in the
wide magnetic resonance field range (Fig. 2a for
chromium concentration 0.1 to 0.4 mol%). In the
next part of our paper, due to higher resolution
of EPR spectrum, we focused our attention on
the EPR analysis of NazLa(POg4);:1 mol% Er,
0.4 mol% Cr sample. Nonuniform intensity, asym-
metric shape and a large width of the resonance
lines allow us to conclude that different magnetic
centers are responsible for the observed EPR sig-
nal. Indeed, taking into consideration temperature
behavior of the EPR signal (Fig. 2b) we divided
the whole resonance signal into three different
parts: (a) a low field signal observed at magnetic
field below 100 mT, ascribed to Er** ions at lan-
thanum lattice positions, (b) a group of lines cen-
tered at about 330 mT, with g.ss =~ 1.99, ascribed
to chromium ions at lanthanum or sodium lattice
positions, gadolinium uncontrolled dopant and to
a signal originating from a quartz pipe, and (c) a
resonance line visible at magnetic field close to
1000 mT, also assigned to Cr’* ions. The EPR
signal centered at ~1200 mT, observed in Fig. 2,
has an external meaning (oxygen) and has not been
taken into consideration. Moreover, it 1S not ex-
cluded that a broad band at g ~ 2 is an effect of
Cr’*—Cr**/Na™ pairs interaction [34].

Paramagnetic Er** ions can be visible in the
EPR spectra at low temperature (<30 K) and low
magnetic field. Erbium in a powder compound has
an effective spin S = 1/2 and its EPR spectrum
mainly contains one narrow and asymmetric line.

EPR signals originating from Cr** ions
(S = 3/2) can be observed up to room tempera-
ture and in a wide range of magnetic field. Isolated
chromium ions give an EPR signal centred at g ~ 2

(a large distortion in an axial symmetry can split
the EPR signal shifting it towards lower magnetic
fields, up to g ~ 3.74 [35]), chromium pairs above
g > 2, and, other ions pairs, such as Er’*—Na* or
Cr3*—Na™ below g < 2 [34]. The EPR signal of
chromium ions with a spin of S = 3/2 is composed
of three separate and narrow lines with relatively
low intensity.

After subtraction of the signal originating from
a quartz pipe from the overall EPR signal, decon-
volution of the signal centered at about 330 mT
(Fig. 3a, T = 3.5 K) allowed us to find that the
group of lines is composed of at least three lines
(262, 336 and 421 mT) that we assigned to Crit
isolated ion (chromium site No. 1, g ~ 1.99).
This site is more probably assigned to lanthanum
octahedral positions. Moreover, additional lines,
centered at 176 mT, 300 mT and 951 mT, which
have been identified, we assigned to the second
kind of isolated chromium center (chromium site
No. 2, g ~ 3.74). The latter site differs signif-
icantly from the former by values of zero field
splitting parameters (D, E). D parameter calcu-
lated for this site takes huge value as compared to
the corresponding value calculated for chromium
site No. 1. D parameter indicates a scale of
distortion of local environment of paramagnetic
ions. Chromium ions in the sites seem to be iso-
lated Cr3™ ions experiencing low symmetry crys-
tal field [36]. We assigned the sites to sodium or
interstitial positions. Both chromium sites we as-
cribed to chromium ions with a spin of S = 3/2.
A simulation performed using EPR-NMR pro-
gram [37] excluded the presence of pairs in the
investigated compounds. From the simulation we
obtained the following parameters: chromium cen-
ter (1): S = 3/2, g« = 1.98, gy = 1.99, g, = 2.02,
E =0 D= 825x 10% cm™!, g = 1.99,
chromium center (2): S = 3/2, gx = 2.01,
gy = 199, g, = 205, E = 50107 cm™!,
D =10.950 x 10™* cm™!, geir = 1.99. As one can
see, the D zero field splitting parameter reaches
~1.1 em™! for chromium center (2), which is an
unusual value for chromium centers observed in
solids. It usually adopts value as high as 0.03 cm™!,
as e.g. for ammonium dihydrogen phosphate doped
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with Cr3* [38]. But there are some crystals reveal-
ing larger values of D parameter. BisGe301;,: Cr
reveals D = 0.967 cm™! [39], while Mg,SiO4:Cr
reveals D ~ 2 cm~! [40]. From Fig. 3a one can see
that the ratio of the EPR amplitudes for both sites
is as high as 2, which indicates that twice as many
chromium ions occupy center (1) than center (2).

In addition to the two paramagnetic centers,
we were able to recognize free electrons line of
Dyson-like shape, centered at g ~ 2, resulting from
charge compensation of sodium ion substitution
for chromium one. In Fig. 3a we presented all
the centers giving contribution to an overall EPR
spectrum, taking also into account the EPR signal
from isolated Er** ions, centered at about 56 mT,
g ~ 12. The simulation made by using EPR-NMR
program gave the following parameters for erbium
ions: S = 1/2, gx = 13.5, gy = 11.9, g, ~ 2. As
one can see, the g values indicate a large magnetic
anisotropy and low local symmetry of erbium ions.
Due to distinct difference between gy and gy val-
ues, we suppose that this is the case when coordi-
nation number of Er** ions changes to seven/eight,
although they substitute lanthanum ions, similarly
as chromium (1).

Temperature dependences of the EPR spectra of
NaszLa(PO4), powder doped with 1 mol% Er and
0.4 mol% Cr allowed us to find additional informa-
tion on magnetic properties of the compound.

The erbium EPR signal, visible at temperatures
below 25 K, significantly varies its resonance po-
sition as a function of temperature. An effective
spectroscopic factor g linearly modifies its value
from g = 11.7 at 3.5 K to g = 8.7 at 25 K
(Fig. 4a). Simultaneously, the intensity of this res-
onance line decreases as a function of temperature
roughly fulfilling Curie-Weiss (C-W) law (Fig. 4b).
More detailed analysis of this dependency allows
us to find non-monotonic behavior of the fitted
C-W equation, where characteristic parameter 0
(C-W temperature) takes the value of 8 = 2.6 K
at temperature below 15 K, whereas at tempera-
ture above 15 K we have obtained best fitting for
© = 10 K. This variation is better observed in
Fig. 5a, presenting a reciprocal intensity of an EPR
signal as a function of temperature. Additionally,

at a temperature of 15 K we can observe a signifi-
cant change of the width of this line (Fig. 5b). Lay-
ered structure of paramagnetic ions in the analyzed
compound may be one of the possible explanations
of this phenomenon [31].

The EPR signal detected in the magnetic field
range of 150 to 450 mT, containing a group of
resonance lines, is ascribed to chromium magnetic
centers, gadolinium uncontrolled dopant and to a
quartz pipe. All these lines are observed up to room
temperature. Due to a small EPR signal (low EPR
signal/bias ratio), we analyzed the chromium spec-
trum only in a range below 50 K, although it was
detected at temperatures up to 225 K.

The all components of this signal are located
around a position with g = 1.96 to 1.99. Chromium
ions in the lanthanum orthophosphates may occupy
the positions of lanthanum, that are surrounded by
six oxygen ions. Due to a large difference in ionic
radii between La*t (132 pm), Gd** (120 pm) and
Cr’* (75.5 pm) one can expect that the environ-
ment of chromium Cr** ion deviates from an ideal
octahedral geometry. It leads to an increase in value
of D parameter (zero field splitting) and higher
splitting of the EPR spectra (a range of magnetic
field between 150 mT and 450 mT).

Fig. 6a (points) shows an integral intensity of
the chromium (1) signal as a function of tempera-
ture. The solid line reveals C-W relation. As one
can see C-W temperature equals to 6 = 1.9 K,
indicating low ferromagnetic interactions. But the
dependence of the product of the integral intensity
and temperature, proportional to a square of mag-
netic moment, reveals ferromagnetic like interac-
tion only below 15 K, while over this temperature,
antiferromagnetic like interaction begins. The posi-
tion of the resonance line, g, reveals some shifting
versus temperature, increasing from 1.96 at liquid
helium temperature up to 1.995 at 225 K (Fig. 6b).
Fig 7 presents temperature dependence of the re-
ciprocal intensity and the linewidth of chromium
(1) signal, respectively. From Fig. 7a it can be
seen that weak ferromagnetic interactions domi-
nate between chromium (1) ions. The linewidth
(Fig. 7b) decreases exponentially with increasing
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Fig. 2. (a) EPR spectra of the NasLag 99— xErg o1 Crx(PO4)2, x = 0.001 — 0.004 at T = 3.5 K, (b) temperature

dependence of the EPR spectra.
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Fig. 3. (a) experimental EPR spectrum of the NazLa(PO4), doped with 1 mol% Er and 0.4 mol% Cr and para-
magnetic signals originating from Er**, Cr** (1), Cr** (2), Gd** and a quartz pipe contributing to it,
(b) experimental EPR spectrum (1) and simulated one (2) being a superposition of the signals presented in

Fig. 2a.

temperature indicating shortening of the lattice
relaxation time.

EPR spectra of the NazLa(POy4), powder doped
with 1 mol% of Er and 0.4 mol% of Cr contain
additionally some bands assigned to chromium (2)
center. The signal preserves its position in magnetic
field with g ~ 3.74. It is detectable at a temperature
up to 225 K. The integral intensity of the EPR spec-
trum vs. temperature fulfills C-W law with C-W
temperature equal to about 0 ~ 2.73 K, indicating
low ferromagnetic interactions between chromium

(2) ions (Fig. 8a), similarly as chromium (1) center.
But the law is fulfilled only below 10 K, similarly
as in the case of erbium center. It could be assigned
to Cr’" ions at sodium lattice positions or intersti-
tials. The difference between other parameters of
the chromium (2) EPR line below and above 10 K
can be observed also in Fig. 8b and Fig. 9b, pre-
senting the reciprocal intensity and a width of the
line as a function of temperature, respectively. The
most interesting feature is shown in Fig. 9b, where
a product of an integral intensity and temperature



738 S.M. KACZMAREK et al.
12
a).
b Data: Chromium
114 —_ Model: Curie-Weiss
g 5 Tew = 1.929 £0.075 K
= 10 S
> =
(=) 94
PSP o _a PY
b). e 4
‘ 1,99
Data: Erbium Data: Erbium
Model: Curie-Weiss Model: Curie-Weiss Q
—_ ] Tow = 2.596 £0.0409 K Tow = 10.96 £0.65 K 2 1,98 = ©
x B g - °
e ] z
S, o 1971
=
1,96°
0 5 10 15 20 25 30 0 50 100 150 200

Temperature [K]

Temperature [K]

Fig. 4. (a) position of erbium EPR resonance line of Fig. 6. (a) integral intensity of the chromium (1) EPR

NazLa(POy4); powder doped with 1 mol of Er
and 0.4 mol% of Cr, (b) integral intensity of the
low-field erbium signal; solid lines reflect C-W
dependence.
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Fig. 5. (a) reciprocal of low field erbium EPR inte-

gral intensity of NazLa(PO4), powder doped
with 1mol% of Er and 0.4 mol% of Cr, (b) the
linewidth of the low field erbium signal; the
solid line shows only the tendency.

vs. temperature is presented. The variation of the
slope of such a curve indicates a type of dominating
magnetic interaction. The slope reveals domination
of ferromagnetic interactions at temperatures be-
low 5 K and over 15 K, whereas in the range be-
tween 5 K and 15 K, antiferromagnetic interactions
prevail among responsible magnetic centers.

signal (points) vs. temperature (solid line re-
flects C-W dependence, (b) position of the reso-
nance EPR line vs. temperature.
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Fig. 7. (a) reciprocal of integral intensity of chromium

(1) signal vs. temperature, (b) linewidth of the
chromium (1) signal vs. temperature.

From the above considerations it results that
both erbium and some part of chromium ions
(chromium (1)) substitute for lanthanum ions but
the sites reveal different coordination number and
distortion. Independently of a type of dopant, some
kind of structural or magnetic rearrangement takes
place in a temperature range of 10 K to 15 K, lead-
ing to a change in a strength of magnetic interac-
tions (erbium) or a change in a kind of the interac-
tions (chromium (2)).
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Fig. 9. (a) linewidth of the chromium (2) EPR signal
vs. temperature, (b) the product of an integral
intensity and temperature for the chromium (2)
EPR signal.

3.2. Magnetic susceptibility results

As one can see from Fig. 10, magnetic sus-
ceptibility of the NazLa(PO,4), sample doped with
1 mol% of Er and 0.4 mol% of Cr, reveals
C-W behavior with C-W temperature varied from
~ —0.84 K to —2.27 K. It suggests dominating
antiferromagnetic type of magnetic interactions in

the compound. The discrepancy between EPR and
magnetic susceptibility measurements can be ex-
plained by the fact that EPR measurements, con-
trary to magnetic susceptibility, do not detect all
paramagnetic ions in the investigated compounds.
Moreover, some of the magnetic interactions ob-
served in the EPR experiment may be due to short
living magnetic complexes, that could not be de-
tected by magnetic susceptibility measurements.
Both, EPR and magnetic susceptibilities, reveal
weak magnetic interactions which could be inter-
preted also as lack of such interactions.

Data: ZFC 100 Oe
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Fig. 10. Magnetic susceptibility of the NazLa(POy4);
sample doped with 1 mol% of Er and 0.4 mol%
of Cr versus temperature for two regimes:
ZFC and FC (inset), and magnetic fields from
100 Oe up to 10.000 Oe.

We have calculated a theoretical value of an ef-
fective magnetic moment of the NazLa(POy4); sam-
ple doped with 1 mol% of Er and 0.4 mol% of Cr
according to the following equation [41]:

Heff = \/x'#esz1+(1_x)‘/~’«e2ff2a (1
where: x — Er content, and, g2 — effective
magnetic moments of free ions (9.5 pp for Er,
and 3.87 pug for Cr (S = 3/2, L = 0), ug -
Bohr magneton). The theoretical value is equal to
0.990 pgp. The effective magnetic moment calcu-
lated from magnetic susceptibility measurements is
equal to pegr = 0.993 pg for the magnetic field of
100 Oe (inset in Fig. 10). This value grows with
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an increase in the magnetic field value. For the
magnetic field of 10.000 Oe it reaches the value
of tesr = 1.09 pp. The differences of the effective
magnetic moments between ZFC and FC modes
are within measurement error. It seems that only
erbium and chromium ions contribute to the value.

4. Magnetic properties of
Na3Gdg g9 - xErg 01 Cry(PO4);:
x = 0.001 to 0.004

4.1. EPR results

In the EPR spectra of Gd3* ions with f shell
filled with seven electrons (ground state 887/2),
one can expect seven well resolved lines origi-
nating from its fine structure. Usually, EPR spec-
tra of Gd** ions are composed of the main broad
asymmetric line with unresolved structure, cen-
tred at g ~ 2 and additional unresolved lines lo-
cated at lower (g ~ 6) and higher (g ~ 1.5)
magnetic fields. EPR spectrum of individual pow-
der should be considered as an envelope of un-
resolved anisotropic fine structure of Gd** ions,
centered at g ~ 2. The intensity of erbium EPR
line is lower than that of gadolinium, so erbium
ions can only be distinguished at low tempera-
tures. Considering the background signal origi-
nating from the gadolinium ions one may con-
clude that the appearance of the erbium signals in
the EPR experimental spectra of these compounds
may be difficult or impossible to notice. The same
concerns chromium ions. The intensity of the
EPR signal (the area under an absorption curve)
registered for the Na3Gdggg_xErg o Crx(PO4);:
x = 0.001 to 0.004 compounds (Fig. 11) is at
least two orders of magnitude higher than the in-
tensity of uncontrolled Gd** centers detected for
Na3La()_99_XEI‘()A(HCI'X(PO4)22 x = 0.004.

As one can see from Fig. 11, the intensity of
the EPR signal increases when the concentration
of chromium dopants lowers which is an antici-
pated result. The broad EPR spectrum, centered at
g ~ 2, originates from Gd3* ions. The EPR sig-
nal of erbium and chromium ions is not recogniz-
able in the experimental spectra. EPR spectrum of

-x=0.001, T=5.6K
- x=0.002, T=5.4K
-x=0.003, T=6.4K
- x=0.004, T=6.1K B

dy"/dB [a. u.]

AN wa

T T T T
600 800 1000 1200

B [mT]

T T
0 200 400 1400

Fig. 11. EPR spectra of the Na3zGdg.gg9_xErgo1Crx
(PO4)7: x = 0.001 to 0.004 compounds at a
temperature of ~6 K.

the Na3Gdg g9 — xErg.01 Crx(PO4)> compound highly
doped with chromium, appears to be a superposi-
tion of at least two Gd centers. It is clearly observed
only at temperatures lower than 6 K. One of the
reasons of such observation can be different dis-
tances between gadolinium ions in NazGd(POy);
structure.

In Fig. 12 EPR spectra of the
Na3Gdo_99_XEI‘(),(HCI'X(PO4)21 x = 0.001 to 0.004
compounds for several temperatures are presented.
All the spectra are close each other, excluding
the one registered for the compound with higher
concentration of chromium ions. The shape of all
the lines is asymmetric suggesting some anisotropy
of magnetic properties of the compounds. To find
additional information on a second kind of Gd
center, we deconvoluted the EPR lines registered
at temperatures lower than 6 K, using Lorentzian
lineshapes. The latter provided better results than
the modified Bloch or Landau-Lifshitz lineshapes.
We have obtained satisfactory results for two
Lorentzian lineshapes, that could represent two
kinds of paramagnetic Gd centers, magnetically
inequivalent.

From the deconvolution of an EPR line of
the Na3Gdg g9 _ xErg o1 Crx(PO4)2: x = 0.004 com-
pound, detected at 5.63 K, we have found that at
the temperature an overall EPR shape of the line
is a superposition of at least two wide line-shapes,
centered at g ~ 2.28 and g ~ 1.65. The positions of
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Fig. 12. EPR spectra of the NazGdg g9 — xErg.01 Crx(PO4)2: x = 0.004 to 0.001 compounds for several temperatures.

both lines change with a temperature variation and
reach g ~ 2 at about 25 K. Clear separation of the
two lines is observed only at chromium concentra-
tion higher than 0.2 mol.%, as it could be seen in
Fig. 13, where the position of resonance EPR lines,
g, is plotted vs. temperature for all of the investi-
gated compounds.

A shift of the EPR resonance line position along
with temperature observed for low temperatures
may be due to the presence in the compound some
internal magnetic fields, resulting from, e.g., inter-
linear interactions of gadolinium ions or complex
gadolinium ordering (different distances between
gadolinium ions).

In Fig. 14 integral intensities of the EPR spec-
tra are presented for all of the investigated sodium
gadolinium phosphates. We have obtained enough
good approximation to experimental points using

Bleaney-Bowers equation adopted to ions with a
spin S = 7/2 [42]. From the figure one can see that
gadolinium ions are well isolated (very low value
of exchange interaction, J). Moreover, magnetic in-
teractions inside these compounds are weak, anti-
ferromagnetic like, with C-W temperature not ex-
ceeding —1 K.

4.2. The results of magnetic susceptibility
measurements

In Fig. 15 one can see the results of magnetic
susceptibility measurements (FC mode) recorded
for the Na3zGdgg9_ xErg g1Crx(POy4),: x = 0.001
sample at magnetic fields varying from 100 Oe
to 10.000 Oe. In this range of magnetic field,
T.w — Curie-Weiss temperature is low and nega-
tive one (—0.40 K to —1.13 K), indicating domi-
nance of low antiferromagnetic interactions. This
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Fig. 13. Position of the EPR resonance lines, g, calculated for the Na3Gdy g9 — xErg.01 Crx (PO4)2: x = 0.004 to 0.001

compounds.

result remains in a good agreement with EPR
measurements. We have calculated a theoreti-
cal value of an effective magnetic moment for
the Na3Gdg g9 xErg01Crg(PO4)2: x = 0.004 and
Na3Gd0.99_XETO.()]CI‘X(PO4)22 x = 0.003 samples
according to equation 1. This equation was devel-
oped to take into account three paramagnetic ions:
Gd**, ErT, Crt.

From the magnetic susceptibility measurements
it results that the effective magnetic moment
grows with increasing magnetic field. For the low-
est magnetic field (ZFC 100 QOe) it is equal to
Uefr = 8.052 g, which corresponds to the theo-
retical value of the total magnetic moment (free
ions). For higher magnetic fields it reaches a value
of Uesr = 8.375(4) up. For the FC mode, the value
of the effective magnetic moment changes from
Uett = 7.985(3) up to et = 8.378(4) ug, re-
spectively, as is shown in Fig. 15. Small discrep-
ancy between the values of effective magnetic mo-
ments calculated at ZFC and FC modes at low

magnetic fields can be attributed to low anisotropy
of paramagnetic ions. This anisotropy disappears
with increasing magnetic field which may indi-
cate a strong crystal field around the paramag-
netic ions. In the NaLa(POy4); compound we have
not observed such significant difference between
effective magnetic moments calculated for ZFC
and FC modes. It may indicate that the strength
of crystal field depends on a type and ionic radius
of a dopant with respect to substituted lattice ion.
In the inset of Fig. 15 one can see also the depen-
dence of Tcw on magnetic field. From the depen-
dence it results that antiferromagnetic interactions
strength (proportional to Tcw) grows with value of
magnetic field.

5. Discussion and conclusions

Both, erbium and chromium ions, are clearly
observed in the EPR spectrum of the NasLa(PO4),
powders doubly doped with Er’t and Crit.
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Fig. 14. Temperature dependence of the EPR integral intensity calculated for Na3Gdy.g9_xErg o1 Crx(PO4)s:
x = 0.001 to 0.004 powders. Solid lines reflect the fitting of calculated EPR integral intensity to the
Bleaney-Bowers (BB) equation adopted for ions with a spin S = 7/2 [42].

In contradiction to this, the same kind of doping
does not result in the presence of clear EPR signals
in doubly doped Na3zGd(POy4), powder. It is due to
a high intensity of a wide gadolinium EPR spec-
trum, which has asymmetric shape, indicating a
large magnetic anisotropy of the compound. Unex-
pectedly, this gadolinium EPR signal does not man-
ifest itself in large antiferromagnetic interactions,
characteristic of magnetically dense gadolinium
compounds. C-W temperature calculated both from
EPR and magnetic susceptibility measurements,
does not exceed —1 K, which indicates low an-
tiferromagnetic interactions between paramagnetic
ions in the NazGd(POy),:Er, Cr powder. The above
supposition confirms also low values of mag-
netic exchange constant, J. The effective magnetic
moment does not exceed the value characteristic

of gadolinium free ions, so mainly gadolinium
ions contribute to its value. Nevertheless, dop-
ing the Na3;Gd(PO,4), powder with erbium and
chromium ions affects shapes of the EPR spectra,
revealing two positions of gadolinium ions in the
Na3zGd(POy), lattice, fixed by value of g-factor:
g~2and g~ 1.65atT = 5.6 K. The EPR res-
onance lines positions vary along with temperature
in a low temperature range (below 25 K), which
suggests the presence of some internal magnetic
fields in the compound, being an effect of complex
(1D, 2D) magnetic interactions.

EPR spectra of NazLa(PO4), powders doped
with Er’* and Cr’* reveal presence of erbium
(S = 1/2) and chromium (S = 3/2) ions, but
the latter appear in two different lattice positions.
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First of them is the lanthanum lattice ion position
(gefr ~ 1.99) and the second one is the sodium or
interstitial position (g ~ 3.74). Taking into account
ionic radii of Cr’* and Na* ions, such a substi-
tution is possible, but due to necessity of charge
compensation it leads to a significant change of res-
onance conditions as compared to Cr’* ions occu-
pying the lanthanum sites. This is the reason why
the EPR signal takes also high field positions. From
the intensity of EPR signal one can conclude that
the number of chromium ions occupying the latter
position is twice lower. Both kinds of chromium
ions reveal low ferromagnetic interaction (C-W
temperature ~2 K).

The resonance positions of EPR lines registered
for Er’* and Cr’* at lanthanum positions, charac-
terized by g-values, vary along with temperature,
linearly decreasing for the former, and increasing
for the latter. The behavior may be due to the pres-
ence of internal magnetic fields in the NazLa(POy4),
powders. This conclusion is coincident with the
one derived for NazGd(POy), powder. Behavior of
the reciprocal of integral EPR intensity, product of
the integral intensity and temperature, as well as a
linewidth vs. temperature calculated for erbium and
chromium (2) ions, suggest rearrangement of the
ions in a temperature range of 10 K to 15 K. In the

case of erbium signal (g =11.7 at 3.5 K), C-W tem-
perature is as high as ~2 K below the temperature
range, while it grows to ~10 K above this range.
The evolving of the strength of magnetic interac-
tions in the temperature range of 10 K to 15 K could
be assigned to competition between linear (1D —
chains) and inter-linear (2D) magnetic interac-
tions of the ions. With decreasing temperature and
lowering the lattice vibration intensity, additional
antiferromagnetic interactions between the chains
take place, leading to weakening of the effective
interactions between the ions.

Magnetic susceptibility measurements con-
firm a weak magnetic interaction in erbium and
chromium doped NasLa(PO4), powder. They re-
veal an antiferromagnetic kind of magnetic inter-
actions with C-W temperature as high as ~ —2 K.

Acknowledgements

This work was supported by the Polish Ministry of Sci-
ence and Higher Education in the frame of the grant No. N
N209 767240.

References

[1] LETHO J.Z., HOUNEOU P., EHOLIE R.C.R., C. R.
Acad. Sci. (Paris) ser. 11, 307 (1988), 1177.

[2] KLOSS M., FINKE B., SCHWARZ L., HABERLAND D.,
J. Lumin., 72 — 74 (1997), 684.

[3] SCcHWARZ L., KLOSS M., ROHMAN A., SAsuMm U.,
HABERLAND D., J. Alloy. Compd., 275-277 (1998), 93.

[4] KLOSS M., SCHWARZ L., HOLSA J.P.K., Acta Phys.
Pol. A, 95 (1999), 343.

[5] Morozov V.A., BOBYLEV A.P., GERASIMOVA N.V.,
KIRICHENKO A.N., MIKHAILIN V.V., PUSHKINA
G.YA., LAZORYAK B.I., KOMISSAROVA L.N., Russ.
J. Inorg. Chem., 46 (2001), 711.

[6] PARREU I., SOLE R., GAVALDA J., MASSONS J.,
DiAz F., AGUILO M., Chem. Mater., 15 (2003), 5059.

[71 LU C.-H. GODBOLE S.V., J. Mater. Res., 19 (2004),
2336.

[8] Guzik M., AITASALO T., SZUSZKIEWICZ W.,
HOLSA J., KELLER B., LEGENDZIEWICZ J., J. Alloy.
Compd., 380 (2004), 368.

[9] LiaNG H.B., TAO Y., SU Q., Mater. Sci. Eng. B-Solid,

119 (2005), 152.

BENARAFA L., RGHIOUI L., NEFFAR R., IDRISSI

M.S., KNIDIRI M., LORRIAUX A., WALLART F.,

Spectrochim. Acta A, 61 (2005), 419.

PARREAU 1., CARVAJAL J.J., SOLANS X., Diaz F.,

AGUILO M., Chem. Matter., 18 (2006), 221.

FANG M., CHENG W.D., ZHANG H., ZHAO D.,

ZHANG W.L., YANG S.L., J. Solid State Chem., 181

(2008), 2165.

(10]

(11]

[12]



Magnetic characterization of microcrystalline NazLng o9 —  Er 01 Cry(POy4)y orthophosphates. . .

745

[13]

[14]

[15]

[16]
[17]

(18]

[19]
(20]
(21]
(22]

(23]

[24]
[25]

[26]

(27]

(28]

HASHIMOTO N., TAKADA Y., SATO K., IBUKI S., J.
Lumin., 48 (1991), 893.

OTSUKA K., MIYAZAWA S., YAMADA T.,
IwasAkl H., NAKANO J., J. Appl. Phys., 48 (1977),
2099.

CHEVALIER J., GREMILLARD L., J. Eur. Ceram. Soc.,
29 (2009), 1245.

MOORE P.B., Am. Mineral., 58 (1973), 32.
GODLEWSKA P., BANDROWSKI SZ., MACALIK L.,
LisiEckl R., RYBA-ROMANOWSKI W., Szczy-
GIEL 1., ROPUSZYNSKA-ROBAK P., HANUZA J., Opt.
Mater., 34 (2012), 1023.

AITASALO T., GUzZIK M., SZUSZKIEWICZ W.,
HoLsA J., KELLER B., LEGENDZIEWICZ J., J. Alloy.
Compd., 380 (2004), 405.

LEGENDZIEWICZ J., GUZIK M., CYBINSKA J., STE-
FAN A., LUPEI V., Opt. Mater., 30 (2008), 1667.
LEGENDZIEWICZ J., GUZIK M., CYBINSKA J., Opt.
Mater., 31 (2009), 567.

LEGENDZIEWICZ J., CYBINSKA J., GUzZIK M.,
BOULON G., MEYER G., Opt. Mater., 30 (2008), 1655.
LEGENDZIEWICZ J., GUZIK M., SZUSZKIEWICZ W.,
J. Alloy. Compd., 451 (2008), 165.

SzuszkiEwIcz W., KELLER B., GuUziIK M.,
AITASALO T., KIITTYKOSKI J., HOLSA J., LEG-
ENDZIEWICZ J., J. Alloy. Compd., 341 (2002), 297.
GUZIK M., LEGENDZIEWICZ J., SZUSZKIEWICZ W.,
WALASEK A., Z. Anorg. Allg. Chem., 633 (2007), 310.
LEGENDZIEWICZ J., GUZIK M., CYBINSKA J., STE-
FAN A., LUPEI V., J. Alloy. Compd., 451 (2008), 158.
SzuLiaA S., KOSMOWSKA M., KoroDzIE] H.A.,
SOBCZYK M., CZUPINSKA G., J. Mol. Struct., 1006
(2011), 409.

SzuLiA S., KOrLoDzIE] H.A., SZUSZKIEWICZ W.,
CZzUPINSKA G., J. Non-Cryst. Solids, 356 (2010), 805.
PIOTROWSKA D., MATRASZEK A., SZULIA S., KOs-
MOWSKA M., SzczYGIEL 1., J. Alloy. Compd., 585
(2014), 337.

(29]

(30]

(31]

(32]

(33]

(34]

(35]
(36]

[37]

(38]

(39]

[40]

(41]

[42]

FARMER J.M., BOATNER L.A., CHAKOUMAKOS
B.C.,RAWN C.J., MANDRUS D., JINR., BRYAN ].C.,
J. Alloy. Compd., 588 (2014), 182.

GUZIK M., LEGENDZIEWICZ J., SZUSZKIEWICZ W.,
WALASEK A., Opt. Mater., 29 (2007), 1225.
MATRASZEK A., GODLEWSKA P., MACALIK L.,
HErMANOWICZ K., HANUZA J., SZCZYGIEL 1., J. Al-
loy. Compd., 619 (2015), 275.

MATRASZEK A., SzCzYGIEL 1., J. Therm. Anal.
Calorim., 93 (2008), 689.

KARPOV 0O.G., PUSHCHAROVSKII D.Y., KHOY-
MAKOV A.P., POBEDIMSKAYA A.E., BELOV N.V., So-
viet Phys. Crystallogr., 25 (1980), 650.

KACZMAREK S.M., TsuBor T., LENIEC A.,
NAKAI Y., LENIEC G., BERKOWSKI M., HUANG
W., J. Cryst. Growth, 401 (2014), 828.

SINGH V., CHAKRADHAR R.P.S., RAO J.L., KWAK
H.-Y., J. Mater. Sci., 46 (2011), 2331.
KHADDAR-ZINE S., GHORBEL A., NACCACHE C.,
J. Mol. Catal. A-Chem., 150 (1999), 223.
MOMBOURQUETTE M.J., WEIL J.A., MCGAVIN
D.G., EPR-NMR User’s Manual, University of
Saskatchewan, Saskatoon, Canada, 1999.

KRIPAL R., PANDEY S., Spectrochim. Acta A, 76
(2010), 62.

Bravo D., LopEz F.J., Opt. Mater., 13 (1999), 141.
BupiL D.E., PARK D.G., BURLITCH J.M., GERAY
R.F., DIECKMANN R., FREED J.H., J. Chem. Phys.,
101 (1994), 3538.

LUBINSKII N.N., BASHKIROV L.A., GALYAS A.lL.,
SHEVCHENKO S.V., PETROV G.S., SIROTA I.M., In-
org. Mater., 44(9) (2008), 1015.

LENIEC G., MACALIK L., KACZMAREK S.M., SKIB-
INSKI T., HANUZA J., J. Mater. Res., 27 (2012), 2973.

Received 2016-10-30
Accepted 2017-10-18



	Introduction
	Experimental
	Magnetic properties of Na3La0.99-xEr0.01Crx(PO4)2: x = 0.001 to 0.004
	Magnetic properties of Na3Gd0.99-xEr0.01Crx(PO4)2: x = 0.001 to 0.004
	Discussion and conclusions

