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Magnetic susceptibility, electron paramagnetic resondB84), and optical properties have been studied in
a glass systefR0La,0;—-22Al,053-23B,05;-35Si0,+Ge,)} with a part of LgO5 substituted by GgD5 in
different concentrations. Positive Weiss constants have been found in the more heavily doped glasses and
ascribed to clustering of Gdions. Two magnetic phase transitions at 55 and 12 K were detected and ascribed,
respectively, to ferromagnetic and antiferromagnetic clusters containing Gd ions. The overall shape of the EPR
spectra shows the presence of clustering at the higher Gd contents. At low temperatures the cluster-related
resonance signal is altered in shape, indicating an onset of magnetic anisotropy field. This signal is convinc-
ingly fitted to superparamagnetic resonance arising from ferromagnetic nanoparticles. The clustering, depend-
ing on the Gd concentration, correlates with a significant shift to lower energies of the strong optical absorption
band edge, ascribed to a charge transfer transition between Gd ions. A nonmonotonous change of refractive
index with the increase of the Gd content indicates changes in the glass matrix and in Gd cluster structure.
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[. INTRODUCTION magnetization measuremerin order to account for this be-
havior, the authors of Ref. 3 assume that the ionCin
Magnetic ordering in compounds containing gado-positions have a strong tendency to form antiferromagnetic
linium—both stoichiometric crystals and glasses activated bylusters, thus reducing their contribution to the susceptibility.
this rare earth element—attracts much attention owing tésd clustering was studied in diluted magnetic compounds
magnetic and optical properties of these materials promisingu,Gd,O3,* and antiferromagnetic order at low tempera-
for technical applicationée.g., see Refs. 1-10Gadolinium  tures was shown to occur in this case as well. Several oxide
most frequently occurs in the &dstate with electronic con- glass systems containing gadolinium were studied using
figuration 47 and the ground stat8s,,; owing to the ab- electron paramagnetic resonari@°R and magnetic mea-
sence of orbital moment this ion is particularly well adaptedsurements. Temperature dependence of magnetization
to magnetic resonance experiments. Various magnetic ordewas studied in Ref. 5 for the glass compositioft$00
ing types, including noncolinear amplitude-modulated anti-—x)[4Bi,O3- PbQ]-xGd,Oz} and  {(100—x)[3Bi,O4
ferromagnetic order, have been observed in Gd compound®2PbQ]-xGd,05} with x=1, 5, 10, and 20 mole %. The
and discussed in the literatutéeanwhile, dielectric oxide magnetization of these glasses follows the Curie-Weiss law,
Gd compounds were shown to have a colinear antiferromagand the paramagnetic Curie temperat(8g) is 0 for x=1
netic order at low temperatures; for example ,Gglused as  mole % and changes from15.2 to —34.2 K for higherx
a starting material in the glass synthesis has a Weisgalues. The magnetic moment per Gdon (x=1) is lower
constant of —13 K. Polarized neutron experimehtiave  than for the free G¥ ion and further decreases asin-
shown different low-temperatukd < 10 K) dependencies of creases. These results were explained by a formation of ion
the contribution to the magnetic susceptibiljyof the Gd* pairs coupled by superexchange interaction. Because of
ion in two different crystallographic positions in cubic rigidity of the lead-bismuth matrix, at high bismuth content
Gd,03:C4i(x1) and Cy(x,). Below 10 K the two contribu-  an unusually high fraction of Gdions is supposedly located
tions diverge quite rapidly, and at 1.8 x4 is larger thany, in sites with high crystal field and low coordination number.
by a factor of about 9. However, the average susceptibility i\ similar situation was found in glasses of compo-
in good agreement with earlier results obtained from thesitions {xGd,05(1-x)(3B,05Pb0O},° {xGd,05(1
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_X)(Na2OBzo3)},7’8 {XGd203(1_X)(NazB4O7)},9 and 1.0 Gd4 o
{Bi,0:Ge0,Gd,031.1° In all cases ©,=0 for x=1-2 T=5K T
mole % (depending on the glass composifiaand becomes g \
negative for highex. The absolute value 0®, increases
with the increase ok and depends on the glass composition.
Magnetic properties of Gd compounds depend on the
structure of the environment of the &dions and are
strongly influenced by clustering. The vitreous state provides
an additional “degree of freedom” for these conditions. Re-
cently, we have revealétferromagnetic clusteringf G+
in the glass systemixGd,O5;-(1-x)(La,0O3—Al,03-B,04 ~
-Si0,-Ge0y)}. Since this is quite an unusual phenomenon,  .1.gf—""" h
we have carried out a more comprehensive study with the 5 4 a3 2 4 0 12 345
aim of elucidating the nature of the magnetic state of the B(T)
Gd* clusters. This paper focuses on magnéstatic and
magnetic resonangeand optical(strong optical absorption FIG. 1. Normalized magnetization of Gd1-Gd4 glasses versus
band edgg characterization of low-temperature magnetic magnetic field, measured at 5 K.
phase transitions arising at low temperatures in this system.
can form clusters, so that the magnetic susceptibility of these
Il. EXPERIMENT glasses in the paramagnetic regid@™ |®|) can be written in
the form

“‘

0.5 Gd1-Gd4

0.0

-0.51

Relative magnetization (arb. unit)

The glasses were prepared from the mixture ob@gl
La,0O3, Al,O3, H3BO;, SiO,, and GeQ with the technology _ : @
described in Ref. 11. The impurity contents did not exceed x=a+C/T+Cd(T-0), @
5x 1073 mass % for Fein Al,03), 5X 1074 mass % for Ce
(in La,03), 10* mass % for other impurities. Four samples,
Gd1, Gd2, Gd3, and Gd4, were synthesized with, respec-
tively, 0.1, 1.0, 5.0, and 10 mass % of &3 substituting the
equivalent amounts of L®;. For such substituting, the en-

vironment of the G&" ions is expected to remain unchanged The terms in Eq(1) account, respectively, for the diamag-

when the Ggoﬁ‘. content increases. . netic susceptibility, the isolated paramagnetic ions, and the
The magnetization was measured as a function of tem-

peratre6-300 ) and magnec od0-5 tesia usng a1 SSEr% A et 1, he dlamagnet trm
Quantum Design MPMS-XL superconducting guantum Inter'Curie constants for isolated and clustered Gd iongndn,

ference device magnetometery with a scan length of 4 Crna'lre, respectively, the numbers of the isolated and clustered

The relative errors in the magnetization values are lower than. ;. g,
+ 0.01%. The EPR spectra were measured between 4.2 arg; lons per kg of gadoliniumyy andm, are the correspond

293 K in the X band(©.5 GH2 with a Bruker EMX spec- 19 high-temperaturéT> |6]) values of the magnetic mo-
trometer and in the Q bar@5 GH2 with a Bruker ESP300 ment, an_d@ is the Weiss constant. The second term in Eq.
spectrometer. The optical absorption was measured at rooﬁjr) is valid for
temperature in the wavelength range of 210-500 nm with a

UVICON 943 spectrophotometer. The refractive index was #egrIB<KT. 3
measured as a function of the wavelength from 450 to 650 The susceptibility was measured in figdd=0.2 T. Up to

where
C =mmé/3k, C.=nmZ3k, 2)

andn andm are defined below.

nm at room temperature with the prism method. this field the magnetization is a linear function®town to
the lowest measurement temperatdre5 K; see Fig. 1, im-
[ll. RESULTS AND DISCUSSION plying that Eq.(3) is valid for the whole temperature range

of the present study.
For the analysis of the experimental results it is more
The field dependencies of the magnetization of the glassesonvenient to make use of the produgT=aT+C;
at 5 K are shown in Fig. 1. Diamagnetic contribution of the +C_.T/(T-0). For isolated Gd ion€.=0 andyT is a linear
glass matrix has been subtractege below. The magneti- function of temperature. The experimental temperature de-
zation curves of all glasses are very similar; meanwhilependence okT for Gd1, shown in Fig. 2, is perfectly linear,
some samples of the Gd4 gla€ad’) show weak features in so one can infer that this glass contains only isolated Gd
the high-field rang€Fig. 1). ions. From Fig. 2 we find the value ofa=-3.2
Because of the absence of orbital moment and the halfA m? kg™ T~1. Assuming the diamagnetic susceptibility to
integer spin(S=7/2), the effect of the crystal fieldCF) on  be due to the glass matrix and taking into account the Gd
the magnetic moment of the &dion is relatively small, and concentrations in the glasses, we find the following values of
for an isolated ion the temperature dependence of the mag per kg of Gd:—0.32, —0.062, and -0.03 A Rkg™* T,
netization should follow the Curie law. However, the Gd ionsrespectively, for Gd2, Gd3, and Gd4. Next, we subtract the

A. Magnetization
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600

At T,=12 K one more peak in théey—-a)T dependence is
observedFig. 3. It can be related to magnetic or structural
phase transition in the same clusters or in clusters of another
2004 structure. Indeed, even the gadolinium oxide can exist in two
forms: cubic and monoclinit® Complicated composition of
the glass studied gives additional possibilities for different
local structures, which strongly influence the exchange inter-
-200- action between the Gd ions. The temperature of the magnetic
ordering of clusters should increase with the size of the clus-
-400+ ters up to the value typical for the bulk material at some
critical size of the clusteY! Therefore, the observed narrow
o o 100 150 200 20 300 features at definite temperatures in Fig. 3 imply that there is
T (K) a substantial amount of clusters above the critical size in the
studied glasses.
FIG. 2. Temperature dependence of e product for Gd1 in When T—0 but the condition Eq(4) is still fulfilled,
the magnetic field3=0.2 T. even a small amount of isolated ions can make a substantial
contribution to the magnetic susceptibility; see EL. The
diamagnetic contribution from the experimental susceptibili-Second term in Eq4) is no longer valid foff <®©. However,
ties of all glassegsee Fig. 3 and compare them with the the susceptibility of disordered antiferromagnets and ferro-

Y
o
T

Gd1

<

XT (Am’kg' T'K)

-600

function (y-a)T magnets changes slowly in the low-temperature range, ap-
proaching some finite value whéh— 0.12131819Therefore
(x=aT=C+C.T/(T-0). (4 (y-a)T is approximately a linear function df in the same

For a pure paramagnésolated ion this function is a con-  region, and(x-a)T—C; whenT—0. In this way we can
stant. One can see, in contrast, that the corresponding expefiPProximately estimate the parame@yr For the estimation
mental dependencies in the glasses Gd2, Gd3, and Gd4 ae used only the first two pointd=5 and 6 K, because of
very Comp|ex and show Conspicuous well-defined peakéhe marked influence of the close phase transition at 12 K
(Fig. 3. This behavior clearly indicates the existence of(see Fig. &

magnetically ordered clusters. This finding will be further At high temperaturesT> |0|)

corroborated by the results of EPR and optical measure-

ments. g P (x—a)T=C;+Cc(1+0/T) (5)

The shape of the feature &=55 K (Fig. 3) is typical for s a linear function of 1/T and it approaché3; +C,) when
the region of a ferromagnetic phase transition for somel/T—0. By extrapolating the experimental functiofy

ferromagnet$?*3In the case of the ferromagnetic order, the —a)T, to zero value of 1/T, we fin¢C;+C,). From Eq.(2) it
Weiss constant is positive and the function E4). should  folows that

decrease with increasing temperature above the ferromag-

netic transition. This is in agreement with the experimental (C + Cg) = (m?n; + mZny)/3k = m2,n/3k, (6)
tendency above the featureat 55 K (see Fig. 3. Note that . .

anomalous dependence of Faraday rotation on doping coftneré n=ni+nc is the total number of Gd ions per kg of
centration in Gd-doped germanate glasses, observed by Yu&gdolinium, andm=m=me is implicit. From Eq.(6) we
and Cheé* was attributed to ferrimagnetic clusters. Ternary€an estimate the effective magnetic moments of Gd ions in

boride G also reveals ferromaanetic orderit. ~ the glasses. Measurements carried out on different samples
5N 4B g iy of the same glass have shown a spread if@eC,) values

of about*=8 %, obviously due to inhomogeneous distribution
of the G&* ions in the glasses. Correspondingty of all
the glasses was estimated as gg/with accuracy of+4 %
(since the Curie constant is proportional to the square of the
magnetic moment This corresponds to the magnetic mo-
ment of Gd in GgO5.2 The magnetic moment of a free-Gd
ion, uggdy[J+(JI+1)]Y2 is 7.95ug. If one neglects the differ-
ence between the magnetic moments of isolated and clus-
tered Gd ions, the ratick=C./(C;+C;)=n./(n,+n;) will
characterize the degree of clustering in the glasses. The esti-
mated values oK are quoted in Table I.
; A linear extrapolation of the inverse susceptibility cor-
o s 10 150 a0 2% rected for the diamagnetic term, (y~a), carried out in the
T (K) region of 130-300 K gives the “pseudo-Weiss” constaBts,
(see Table)l If the contribution of isolated ions is taken into
FIG. 3. Temperature dependence(pf-a)T for Gd2—Gd4 in the ~ consideration according to E¢4), the true Weiss constants
magnetic fieldB=0.2 T. of the clusters,®,, should be larget® Now, knowing the

490+
480

4704 |

-2 T (Amikg" T K)

460+
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TABLE |. Contents of gadolinium oxide, Weiss constants, andder to unambiguously account for the spectra transformation
estimates of the clustering degree in the glas&sceptibility

with the gadolinium concentration, a more quantitative

data. analysis is needed.
Previously, we have numerically simulated the EPR spec-
Gd1 Gd2 Gd3 Gd4 tra of the glasses by means of ah initio codeé?* directly

G40, (mass % 01 10 50 10.0 relating_th_e atomic posit_ions in _the _environment of the_ para-
i X ' ' magnetic ions to the spin-Hamiltonian parameters using the
01 (K) 0 +3.0 1.4 +0.9 superposition model. A more detailed account of these results
02 (K) 0 +50+5  +1222 49322 || be published elsewhere. In the context of the present

K (%) 0 <3 <8 <10 study, we recall here that clustering of the3Gibns has been

clearly evidenced in Ref. 11; indeed, the EPR spectra in
more heavily doped glasses have been accounted for as su-
parametersC; and C., we can substitute the experimental perposition of two distinct signals, arising from iofi$ di-
values of(y—a)T from Fig. 3 at anyT>|0| into Eq.(4) and  |uted in the glass matrix an@i) included in clusters.
determine Weiss constants of the clust¢fable ). The In this paper, we put forward another approach based on a
Weiss constant of clusters in Gd2 is substantially larger thamumerical analysis oéxperimentalEPR spectra. The theo-
that in Gd3 and Gd4. This fact corresponds to the aboveetical background for this transformation is as follows. For
interpretation ofT; andT, as indicating two types of clusters an isolated paramagnetic cent@n or structure defegiem-
with different magnetic ordering. In particular, we can as-bedded in a disordered matrigglass, the various spin-
sume that in Gd2 the clusters with ferromagnetic ordering aHamiltonian parameters and orientation angles are consid-
55 K prevail. The degree of clustering in Gd3 and Gd4 isered as components of a random vectorA “generalized
much larger than in Gd2, but Weiss constants are muchlistribution density of the resonance magnetic field” is ob-
smaller than in Gd2. This means that in Gd3 and Gd4 theained as a convolution with a Diragfunction of the reso-
relative number of clusters with the low temperature of or-nance magnetic fiel8, of an appropriate transition intensity
dering increases. W(X) weighted by a multivariate distribution density
P(X)24’25
B. EPR

Preliminary data on the room temperature EPR spectra in J(B,) :J P(X)W(X) 8 B, — B,(X)]dV(X).

these glasses have been reported previdtisly. cooling
down to the liquid nitrogen temperature the spectra remain 7(B,) features the EPRibsorptionspectrum at zerdn-
nearly the same. More pronounced changes in the shape gfnsic linewidth in the absence of line broadening mecha-
the spectra are observed below approximately 60 K. Figure fjsms not related to the structural disordee.g., dipole-
shows a comparison between the EPR spectra at room anfihole interaction or spin-lattice relaxatipnin order to
liquid helium temperatures. The overall spectra shapes in thgccount for the spectra broadenigfB,) is convoluted with

Gd1-Gd4 samples belong to the so-calldd-spectrum”  an appropriate line shape functiitB-B,,Ag)
(from ubiquitous type871021-23 |n the corresponding

Q-band spectra only a relatively narrow single line with
Oer=2.0 is observed.

In the EPR spectra of Gd2 in comparison with the Gd1
glass, only a slight line broadening is observed. On the othdrere, F(B—Bg,Ag) includes all broadening mechanisms
hand, in the Gd3 and Gd4 glasses all spectral features aather than orientational and structural disorder. By choosing
broadened. This broadening is naturally ascribed to dipoleit in the form of a derivative-of-absorption line shag&B)
dipole interaction between the &dions. Meanwhile, in or- can be directly compared to the experimental EPR spectrum.

)

P(B)=J.7(Br)F(B-BnAB)dBr- (8

T T ¥ T T ML T T T L T T N T T T T T T T T T T T T T

/‘/\ e b
Gd4 P Gdd4

J\/‘f\/' cas
\/ij\\v/' Gd2
RS e el

FIG. 4. ExperimentalX-band
(9.45 GH2 EPR spectra at 30@)
and 4.5 K(b).

Derivative of Absorption (arb. units)
Derivative of Absorption (arb. units)

\/ij\\l/ Gd1
o
1 1 1 1 i 1 S 1

02 04 0.6 08

Magnetic Field (T)

0

0.2

0.4 0.6 0.8

Magnetic Field (T)
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FIG. 5. Left: representation of
Difference signal the EPR spectrum of Gd4 at 300
Simuiation . . .

K (a) as a linear combination of
the room-temperature spectrum of
Gdl convoluted with the line
shape Eq(9) for Ag=0.010 T(b)
and an underlying resonancee)
=(a)-0.32 (b). Right: fitting to
the curve (c) with the modified
Bloch line shape forB;=0.30 T

I ! 1 1 1 I 1 1 1 1 ! 1 t I I 1 andAB:0.0lo T.
0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8

Magnetic Field (T) Magnetic Field (T)

£

(-

Derivative of Absorption (arb. units)

Derivative of Absorption (arb. units)

<

Note that Eq(8), in the form of a simple integral, requires an  The procedure outlined above is carried out by a trial-and-
orientation-independent linewidthg. Only in this particular ~ error method with two adjustable parametdisthe convo-
(but very often occurring in practitecase can the above lution linewidth used in computing the intermediate spec-
two-stage approach be applied. trum and(ii) the statistical weight of this spectrum in the
In his worlké® Van Vleck showed that for diluted paramag- €xperimental spectrum of a heavily doped glass. The criteria
netic dipoles the line shape is Lorentzian. More recently thi®f the fitting are(i) the most satisfactory reproduction of the
theory has been shown to apply to th&insic linewidth for characteristic low-field EPR spectra features gindthe re-
paramagnetic ions diluted in a glass maix the linewidth quirement that the difference spectrum should have the shape
is not very small in comparison with the resonance magneti@f & derivative-of-absorption EPR signal. .
field By, instead of the Lorentzian line shapenzodified Surprisingly, we have found that this procedure yields
Bloch line shape including both resonaharmon and non- consistent results only within a very restrained range of the
resonanianti-Larmo) terms must be used¥: adjustable parameter values. As a result, th_e error margins of
the data shown in Table | could be determined.
B -B The results of such fitting for the Gd4 glass are illustrated
F(B,,Ag) = 3U3AL [1 1B - B)Q/Az]z in the left parts of Figs. 5 and 6, respectively, for room and
VoT3e T B liquid helium temperatures. One can immediately see that the
B, +B curves(b) calculated at the second stage and representing the
- [1 +i(B, + B)Z/Az]z : 9 contribution of isolated ionéin the sense of absence of clus-
S B tering) do not satisfactorily reproduce the experimental spec-
In the narrow line limit,Ag<<B,, the linewidth parameter tra. Therefore, the spectra transformations with the concen-
tends to the peak-to-peak half-width of a Lorentziantration of the Gd* ions cannot be ascribed exclusively to the
derivative-of-absorption curve. dipole-dipole broadening. This confirms our earlier conclu-
In the actual case the magnetic susceptibility datde  sion reached using computer-generated theoretical spéctra.
ultra, clearly show that the Gd1 glass contains only isolated On the other hand, taking into account the existence of an
Gd®* ions, and the EPR data for the less-doped glag8d¢  underlying resonanckcurve (c), see the figure legends for
and Gd2 indicate no appreciable dipole-dipole broadening.the simulation parametégisthe overall shape of the EPR
So, as a working hypothesis, we assume that the spirspectra in Gd3 and Gd4 can be satisfactorily reproduced. The
Hamiltonian parameters governing the EPR spectra in th&tter resonance is broad and featureless, and can be ascribed
Gd3 and Gd4 glasses are the same as in Gd1; however, the clusters of G& ions. The structure of EPR spectra of the
intrinsic EPR lines are broadened by dipole-dipole interacclusters is supposed to be smeared out by strong dipole-
tions between the Gd ions. dipole interaction as well as exchange coupling between
The numerical analysis of the EPR spectra includes threelosely spaced Gd ions.
stages. At the first stage, the experimental EPR spectrum of The linewidths of the signals ascribed to diluted 3Gd
the Gd1 glass measured at some temperature is integrateditms, curvegb) in Figs. 5 and 6 are given in Table II. Figure
obtain the “experimental’7(B,) curve. At the second stage 7 shows thesquaresof these linewidths versus the @}
we produce a convolution of this curve with a derivative-of- content. In spite of the small number of points, the propor-
absorption line shape conforming to E&). This “interme-  tionality betweem\g and the square root of the concentration
diate” spectrum features the contribution of¥Gibns diluted s clearly observed, as expected for dilut@d the sense of
in the glass matrix to the total EPR spectrum of more heavilyabsence of exchange interactipparamagnetic ions at inter-
doped glasses. Finally, at the third stage, by subtracting thisiediate doping levels.2°
spectrum from the experimental EPR spectrum of the corre- The shape of the underlying resonance in the Higér
sponding glass taken at the same temperature, we get a “difiween room and liquid nitrogerand low (from about 50 K
ference” spectrum describing the contribution of nonisolatedlown to the liquid heliumtemperatures is manifestly differ-
(clustered G+ ions. ent, cf. the right parts of Figs. 5 and 6. In the first case the
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o

Derivative of Absorption (arb. units)
15}

1 1 L I 1 1 1

Derivative of Absorption {arb. units)

A

Difference signal
Simulation

[=J

02 0.4 0.6 0.8
Magnetic Field (T)

1
0.2 0.4

Magnetic Field (T)

shape of this resonance can be convincingly fitted by a single

“modified Bloch” line; see Eq(9) with B,=0.30 T, corre- Bo= M sin 9,

FIG. 6. Left: representation of
the EPR spectrum of Gd4 at 4.5 K
(a) as a linear combination of the
liquid helium temperature spec-
trum of Gd1 convoluted with the
line shape Eqg.(9) for Ag
=0.010 T (b) and an underlying
resonance: (¢)=(a)—0.55 (b).
Right: fitting to the curvegc) with
a superparamagnetic resonance
signal (see the main text for the
simulation parameteys

sponding to the effectiveg factor, g.;=2.25 and Ag

=0.10 T; see Fig. 6, right.

0.6 0.8
1 <a2E #E FE )1’2
2 2 !
&’BM &(PM aﬁM d ®m ﬁM:f}O,QDM:#’O
(11

A more complex situation occurs at low temperatures
when the underlying resonance becomes clearly asymmetriginare By=w/7y,  is the microwave frequency angis the
see Fig. 6. The shape of this spectrum is very similar to ey romagnetic ratio. The derivatives in Hd4) are calculated
superparamagnetic resonance spectrum observed for ferr, anglesd, and ¢, minimizing the value oF.
magnetic y~Fe0; nanoparticles in heat-treated sol-gel i 5 system of nanoparticlebermal fluctuationsf their
silica glass®® So, we have attempted to computer simulatémagnetic moments severely reduce the anisotropy of the
this signal following the procedure outlined in this work.  resonance magnetic field, resulting in superparamagnetic
For an isotropic intrinsic linewidtfiin the actual case the spectra narrowing. This reduction is more pronounced the

question is the resonance width arising from particles of &mgler the particle volum¥. For an assembly of particles
given size and shapethe basic equations for calculating the \\hose magnetic moments are much larger than the Bohr

superparamagnetic resonance spectrum have the same fofgneton, the partition function can be calculated as an in-
as for the EPR; see above, E¢#) and(8). Meanwhile the  (aqra| over all possible values of the angle betwaerand
dlstrlbutlo_n Qensn)P(X) in this case gefers to size and shape B,, 9=3y,— Js. In this approximation the magnetization and
characteristics of the nanoparticfés S the magnetic anisotropy can be averaged over the thermal
The energy density of magnetic nanoparticles is expresseg,ctyations of the magnetic momentiz, (M)=M(cosd)
and (K;)=K(P,(cos®9)) (the nth-order Legendre polyno-
mial). The average values are expressed as functions of
=MB,V/KT, viz,, (cos®¥)=L(x)=cothx—1/x (the Langevin
function) and, for axial symmetry(n=2), (P,(cos))=1
with the three terms on the right-hand side representing the 3L(x)/x.3%:32
Zeeman energy, the magnetocrystalline anisotropy, and the Since, in the actual case, magnetic parameters of the hy-
magneto-static energy, respectivel§; is the first-order an- pothetical ferromagnetic nanoparticles are not known, we
isotropy constant(dy, ¢y) describes the magnetic symme- have rather arbitrarily assumed the saturation magnetization
try with 9y, ¢y the polar and azimuthal angles of the mag-value ofM =5x 10° A m~! and axial magnetocrystalline an-
netization vectoM, andN is the demagnetizing tensor. The isotropy. Under this assumption, the following parameters
reduction of the thermal fluctuations of the nanoparticlecould be deduced from the fitting to the low-temperature
magnetic moments reduces the angular anisotropy. underlying resonance in Gd4: the magnetic anisotropy con-
The resonance magnetic field is calculated by iteratiorstant K;=-10 kJ m® (including contribution of both the
from the following relation: magnetocrystalline anisotropy and particle shape anisot-

as

E=-M B, +KF(9y,om) +3u0M -N-M,  (10)

TABLE II. Estimates of intrinsic resonance widths, for isolated Gd* ions and clustering degré&) in
the glasses containing G&PR data

Gdi Gd2 Gd3 Gd4
T (K) 77-300 4.2 77-300 4.2 77-300 4.2 77-300 4.2
Ag (mT) <0.1 <0.1 <0.3 <0.3 7.0£0.5 6.0+0.5 10+0.1 10+0.1
K (%) 24+5 28+5 42+8 40+10
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120 Ap =116, (12)

The corresponding electron zero energ%, arising from
. the fact that an electron “feels” the boundaries of the system
where it is confined, is

A,,= Ap2m= #%2mé;. (13)

80
Numerically, form equal to the free-electron mass, we get

A, =~ 10715, (14

[A 5 (mT)J?

Comparing this energy to the exchange enetgyk®, we

can determine the critical particle size below which ferro-
magnetism vanishes at any temperature. Usually this size is
of an order of several interatomic distances. The existence of
7 the magnetic order in a cluster at nonzero temperature is of
importance for the field and temperature dependencies of the
static susceptibility. So, only clusters of larger size give pre-
dominant contributions to the static susceptibility, while in
the case of the EPR spectra the contributions of clusters of
any size(ordered or nonorderg¢dre comparable. Thus, this
model explains the difference between the fractions of clus-
tered Gd ions in the Gd3 and Gd4 samples obtained with the
two techniques.

The situation is more complex for the Gd2 glass. In the
ropy); the average diameter of 1 nm and the distributionfange between room- and liquid-nitrogen temperatures its
width (for the log-normal diameter distributip®.2; an iso- EPR spectra are very similar to those of Gd1, so that neither
tropic intrinsic line shape given in EQ) with the linewidth  line broadening nor trace of underlying resonance can be
parameterAg=0.065 T. The parameter values estimated fordetected for the former glass. At liquid helium temperature
Gd3 are close to those quoted for Gd4. the spectrum of Gd2 becomes different from that of Gd1. We

We note a persistent discrepancy between the shape of tizagtempted to apply the same analysis as in the case of Gd3
experimental resonance curves due to clusters and the corrgnd Gd4 glasses. Meanwhile, no distinct manifestation of
sponding theoretical spectra in the low-magnetic field rangeglustering could be detected by EPR in this case. Possibly,
This discrepancy cannot be removed by any choice of sucthjs can be explained by the low Gd content in combination

fitting parameters as linewidth and the relative intensity ofyith the low fraction of ions included in clustetable ) in
the underlying resonance. Therefore, this shows that certaif;g sample.

modifications in the spin-Hamiltonian parameter values oc-
cur as the gadolinium contents in the glasses increases. These
modifications are indicative of different ordering degrees in
the glass matrix at different doping levels. The optical absorption spectra shown in Fig. 8 are mark-
From the above analysis the fraction of clustered®'Gd edly different for Gd1 and all other glasses. In the first case,
ions in the glasses can be evaluated as the relative intensite absorption is due to the basic glass components and La;
of the underlying resonance with respect to that of the totathe gadolinium contribution is negligible because of its low
EPR spectrum. This fraction, obtained by double integratiorcontent. In the second case, the presence &f @tanifests
of the corresponding derivative-of-absorption spectra, idtself in an absorption edge shift to lower energies, a shoul-
shown in Table II. der in the region of~(35-45 x 10° cm ™t and in weak nar-
Interestingly, a significant disagreement is noted betweerow line sets centered at approximately 32, 36, and 40
the estimations of the clustering degree from the susceptibilx 10° cm™. The latter are identified &sf transitions within
ity and EPR measurementsf. Tables | and I). This dis- the Gd* ions, respectively,®s,,—°P,, ®Ss,,—°; and
agreement can be explained by different contributions 01857,2—>6DJ. Because of a low transparency of the glasses, the
clusters of different size into static susceptibility, on the onehigh-energy parts of the absorption curves can be obtained
hand, and to the EPR spectra, on the other handdnly in a narrow spectral range; nevertheless, they clearly
Vonsovskif® put forward the following model, later con- show the onset of the fundamental absorption band. In this
firmed by many authors, for example, see Refs. 34 and 35ange the absorption coefficient is approximately a linear
Because of the quantum character of the cooperative ferrdunction of the photon energy, and its extrapolation to the
magnetism, magnetic ordering at nonzero temperature occuistersection with the energy axis gives a rough estimate of
only if the cluster size exceeds some critical value. Accordthe absorption band edg&; as ~44X 10° and ~42
ing to the Heisenberg relation, the impulgef an electron X 10° cm™* for Gd1 and Gd2-Gd4, respectively. The
moving freely inside a system of linear dimensi@phas an  shift with the increased Gd concentration correlates with the
uncertainty clustering of Gd. This correlation can be accounted for by

40

0 1 ] | | |
0 2 4 6 8 10

Mass % G d,0,
FIG. 7. Square of the intrinsic linewidth for isolated ¥dons

as a function of the G®3 content. The straight line represents the
linear regressiory=11.0%-10.6.

C. Optical absorption
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FIG. 8. Absorption coefficienk for Gd1-Gd4 glasses at room FIG. 10. Refractive index versus the light wavelength. Inset:
temperature. The inset shows the region of thletransitions for ~ dependence of the refractive index on the,Gglconcentration(x).
Gd4 glass.

o . thesame Jvalue,’S,,,—°l,,. This difference, though minor,
charge transfer transitions GQ'Gd' n the cIusters.G was beyond the eSr;grs ofﬁne measurements, so it was indica-
A part_?f t.hef-f spegtrum in the region 6357/2_’ ,(36 tive of certain changes in the &denvironment arising with
X%O?’ cm) is shown in Fig. 9. Three componentS;,  ihe increase of the GO, content. Energies df-f transitions
—"l4, (35715 cm* for Gd2 and 35 775 cnt for Gd3 and i compoundgin contrast to d-d transitionsisually depend
Gd4, correspondingly —(°lg5,l17/,) (36 160 cmi* for G2 gnly on crystal field CF), but not on covalencénephelaux-
and 36165cm for Gd3 and Gdf and efic effect, and, as a rule, they are higher for lower CF. So,
— (1172, 11372, 1159 (36495 cni* for all sampley are re-  one can suppose CF in Gd3 and Gd4 to be weaker than in
solved in this region, similar to Gd spectra in boraf and  Gd2. The CF strength reduction can be due to substitution of
alkali-zinc-boron-sulphaté glasses, while in glasses and La for Gd. Both smaller GY ion radius(0.94 A) in com-
compounds based on fluorine or chlorine, four lines are usuparison with L&* radius(1.04 A) and possible change of the
ally resolved(see, for instance, Refs. 38-)4Energies and glass structure at higher Gd content can be responsible for
oscillator strengths of the components as a function of thehe CF strength reduction.
Gd concentration were analyzed in detail previod$ignd Figure 10 shows spectral dependencies of the refraction
small changes of these characteristics were shown to takfdex (n). Nonmonotonous decrease with the Gd content
place when coming from Gd2 to Gd3 or Gd4 glasses. Thgy) increase attracts one’s attenti@inset in Fig. 10. Con-
main difference between Gd2 and GU3d4) is a shift to-  {rary to the absorption, which reflects, first of all, the closest
wards higher energies of the transition between levels Wi“%urroundings of RE ions and these ions’ interaction, the re-
fractive index evidences, in the higher extent, some changes

0° *s, — in the glass structure whenchanges from 1.0 to 10.0 mass
%. A similar break in the refractive index dependence versus
<041 x was observed in Ref. 7, which was ascribed to a structural
5 change occurring in the glass matrix. If we suppose that clus-
"5 03l ters of two different types$with ferromagnetic and antiferro-
E ' magnetic exchange interaction between Gd Jars formed
g in the glasses investigated, the change of glass structure with
5 0.2r the Gd content increase can explain the change of the relative
£ quantity of these clusters in dependencexand the reduc-
g 01l tion of the paramagnetic Curie temperature for the higher Gd
2 content.
0,0 kesase S e
35000 36000 37000 38000 IV. SUMMARY

-1
Energy (em ) We have observed a complex magnetic behavior in

FIG. 9. Absorption spectrum in the region 8,,,—°1, transi- the glasses {XGd203_(ZO'X)I_-aZOS'22’°_‘I2_QS'23BZO3
tions and decomposition of this band into three lines, in agreemert 3X(SI0,+GeQy)}. The magnetic susceptibility follows
with the observed spectra features for the Gd3 sample at 300 K. TH&e Curie-Weiss low with positive Weiss consténtbesides,
circles are experimental points and the solid line is the sum of théhe latter decreases with an increasexoffo elucidate this
three components shown by the dashed lines. uncommon situation we have analyzed the results observed
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using the functionT=f(T). Two peculiarities were revealed: transitions in the clusters. The dependencies offtfieab-

at 55 K and at 12 K. The former feature was ascribed to sorption band’s characteristics and the refractive index on the
ferromagnetic and the latter one to an antiferromagneti€sd concentratiorix) testify to changes of the Gd surround-
phase transitions in Gd clusters of two types. The computelings and glass structure withchange.

assisted EPR study reveals gadolinium clustering in heavily

doped glasses and magnetic ordering at low temperatures.
addition, it indicates certain modifications in the ordering
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