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Spin dynamics of rare-earth ions in phosphate laser glasses
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The spin dynamics of rare-earth iofsr, Nd, Sm, and Gdin heavily doped phosphate glasses have been
investigated using*P NMR. A model involving inhomogeneous broadening of the NMR resonance lines, with
distinct sample regions corresponding to the presence or absence of nuclear spin diffusion, has been used in
extracting the electron-spin-correlation times from the NMR measurements. Correlation times in the range
1072-10*? s have been obtained for temperatures between 4 and 100 K. No evidence of spin-spin coupling
between the ions has been found and spin relaxation occurs via phonon processes, including the Orbach
process. The importance of such processes in doped glasses is firmly established in this work. The rare-earth
ions experience crystal-field effects produced by the close-to-octahedral symmetry of the local environment.
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[. INTRODUCTION relaxation times directly using pulsed or continuous wave
EPR methods.

Magnetic and magneto-optic phenomena, of interest for In recent worR we have shown that it is possible to study
optoelectronic applications, have been found in the rare-eartthe spin dynamics of RE ions in metaphosphate glasses using
metaphosphate glass@EMG) with compositions in the vi- P NMR as a probe. The present investigation has applied
cinity (R,03)¢24P,05)05, WhereR is a rare-earth RE) the NMR method to a number of REMG systems containing

element. For example, these paramagnetic materials exhidg» Nd, Sm, and Gd ions. For some of these systems, Laor Y

the largest known magnetic contributions to the low-iONS have been used as a buffer in order to lower the con-
temperature specific heats in oxide glassésray diffrac- centration of magnetic ions whl!e preserving the metaphos-
phate glass structure. Information on the dynamics of the

tion and extended x-ray-absorption fine-structuexAFS) : ; .
studie€=4have shown that the structure of REMG Comlorisesrare-earth ions has been obtained using the model developed

a three-dimensional 3D network of corner-linked f@tra- previously?
hedra, with the RE ions, which in several instances are
known to be trivalenR3*, occupying sites within the PO Il. MODELS AND THEORETICAL EXPRESSIONS
skeleton.

Pargmagnetm relaxation processes in RE-do_ped glass‘?estrahedra which are linked together into chains with cross-
are of interest for a number of reasons. In crystalline systeml?n

. . . d kage and branching of chains. RE ions occupy sites in the
crystal fields and lattice dynamics are understood. Their roleaIassy structure such that their nearest neighbors are oxygen

in the various relaxation processes which occur are well €s5y,mq and the structure is independent of the particular RE
tablished. In amorphous materials, such as the present phosiggifier which is present. Bowroet al? have used EXAFS
phate glasses, the RE ions do not occupy sites with octahgy getermine the average coordination numbers for first shell
dral symmetry, although the symmetry appears to be close tgxygen atoms around a RE ion and suggest that the ions
this. A distribution of CryStal'ﬁeld interactions results in a occupy a mixture of sites with pseudo_octahedra| and body_
distribution of crystal-field splittings in the ionic energy lev- centered-cubic symmetry. Octahedral sites appear to pre-
els. If the distribution is broad, the RE ion relaxation shoulddominate and exhibit slight distortions due to the glassy
reflect this. Furthermore, high-frequency vibrational modesstructure of the host. EPR measuremestsow that there is

in amorphous materials are of considerable interest, and therlarge distribution ofj values in these systems giving rise to
oretical work has, for example, provided evidence for frac-broad rather featureless absorption spectra.

tons. While paramagnetic relaxation does not give direct in- Spin-lattice relaxation times, of the RE ions cannot be
formation on such modes, a comparison of the behavior irmeasured directly using EPR methods for reasons mentioned
the REMG systems with that found in crystalline materialsin Sec. .7, may however be obtained froftP NMR. The
may provide indirect evidence for the importance of non-nuclear spin-lattice relaxation ting, is measured, and, is

The structural units of the metaphosphate glasses aje PO

Debye behavior. extracted using a model presented recehiybrief discus-
In the REMG system the paramagnetic ion relaxationsion of this model follows in the interests of completeness.
times are typically extremely short (18-101? s) except While the 3'P spins in a phosphate glass are not arranged

at temperatures in the liquid-helium range. Broad electrorin a regular periodic lattice, they are sufficiently close to
paramagnetic resonan¢®PR ) lines are observed with spec- each other that spin diffusion, mediated by the nuclear
tral diffusion preventing the measurement of paramagnetidipole-dipole interactions, can occur. The local magnetic
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field B, produced by a paramagnetic ion will produce shifts  The theory of nuclear spin-lattice relaxatidNSLR) due

in the nuclear resonance frequencies which may inhibit spito localized, isolated paramagnetic centers in magnetically
diffusion. Furthermore, the shifts in resonance frequencieslilute crystald~**has been extended to account for magneti-
for nuclei close to an ion may result in their contribution to cally concentrated systerfidn such systems, nuclear spin
the NMR signal becoming unobservably weak. By introduc-diffusion may be inoperative in appreciable fractions of
ing a mean spacingy,, between the nuclear spins, the radiussample volume, and nuclei may relax to multiple paramag-
b, of the diffusion barrier, inside which spin diffusion does netic sites. The relaxation curves have a stretched exponen-
not operaté,is obtained from the condition tial or Kohlrausch form and the shape of these curves has
been discussed using the theoretical expressions derived for
these systens.

The average nuclear relaxation rates for diffusive regions
were extracted from the magnetization recovery data as a
whereAw is the natural nuclear linewidth andis the dis-  function of time 7 using®
tance measured from the ion. Using the dipolar field expres-
sion in terms ofr gives M(D) ., fexp{—T +(1—f)exr<— /L”

Mo T, AT,
Aw (4)
2

3805 wherev is a scaling factor, introduced because the degree of
for 7.>T,, wherer, is the electron correlation time afiy ~ Nuclear saturation is not known precisely, drid the diffu-

tain NSLR in diffusive and nondiffusive regions, respectively.
The relaxation rate for nondiffusive regions has been ex-

dBIoc)
ar . =Aw, 1

~Po

=k

—1/4

boz

keTAw —ua pressed in the forfiT,;=\T, for convenience, wher is
=\ 5 22cn , (3)  the ratio of the average relaxation rates for nuclei in diffusive
3apy1ysh“SB and nondiffusive regions.
where T is the absolute temperature aidis the applied  The relaxation rate for nuclei in regions where spin diffu-
magnetic field. sion maintains a spin temperature is givefl by
It is clear from Eq.(3) that by will increase asT is de-

creased reaching the limiting value given by E2). at suf- i: 4_7" E (5)
ficiently low T. Because thé'P nuclei are fixed in the glass T, 3 p3’
structure we do not expect any temperature dependence of ) ) o )
the nuclear spin-diffusion coefficie. whereng is the concentration of paramagnetic ions &nid

The 3P line-shape second mome(M,) due to nuclear the larger of by or g, Whgrg B=[C/D]¥* with C
dipole-dipole interactions has been estimated using available & (71 7s%)°S(S+1)[ e/ (1+ wi7e)].
structural information. From crude calculations based on the In the diffusion-limited cas¢DL] 5>bo, and Eq.(5) be-
mean spin density we obtaidw={M,)=7x10°® s°!, ~ comes
which givesT,=Aw *=140 us, andD=a3(\(M,)/30) 1
~10 1 cn?s 1, with a fairly large uncertainty. — "¢
Nuclear spins inside the diffusion barrier contribute to the T 3
nuclear signal provided their resonance frequencies are ngjnile for the rapid diffusion casgRD] the following expres-
shifted so much that their contributions to the measured sigsjon applies:
nal are unobservably weak or their frequencies lie outside the

1/4

4
D 3/4, (6)

bandwidth of the spectrometer. An exclusion barrier of ra- 1 47 nC [Aw\¥kgT|¥
dius p. may be defined as the radius inside which nuclei are T -3 —3,2(7) 3a.] (7)
excluded from the signah, will have a similar temperature ! (yshS) ! 0

dependence to that df, and may be written ap.=bo/k  providedr,<T,. Crossover behavior froffDL] to [RD] re-
where k is a numerical factor larger than 1. Usiri8loc  |axation may be expected with a decrease in temperature, and

3 H —~ P ; . . . .
~ pelr®, we estimatek=2.5+0.5. Nuclear spins at a dis- care must be exercised in applying the above expressions.
tancep.<r<bg give rise to an inhomogeneously broadened

contribution to the NMR line shape. At low temperatulgs
andp. may become sufficiently large that they overlap with
the corresponding barriers associated with neighboring spins. The samples were prepared from the melt at the
For samples with a high concentration of paramagnetic iondJniversity of Bath with original stoichiometfy*
such as the present paramagnetic glasses, a significant @R,03)y(X203)g.25-x(P205)0 75, andx in the range 0.01 to
complete loss of nuclear signal may be expected at low ten.25 (nominally), for R=Er**, Nd®*, Sn?* and Gd*, and
peratures. This is substantiated using numerical estimates f&t=Y3* or La®*.

the distancegrsy andp., where(rgg is the mean spacing 3P NMR measurements at 8.5 MH@.49 T) and 19.25
between paramagnetic ions. MHz (1.1 T) were made using a pulsed NMR spectrometer

IIl. EXPERIMENTAL DETAILS
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20— 120 moment ratioR versus inverse temperature for a 1% Er
(a) 1 REMG atB=1.1 T. The linewidth increases from approxi-
151 e ® _315 mately 7 to approximately 16 kHz_ with decreasing tempera-
] oo 00 00° oo ] ture, reaching a plateau at approximately 20 K. The ati®
N ° o ] close to 3 at low temperatures, suggesting a characteristically
i 10 .}’ 110 R Gaussian line shapeThere is appreciable inhomogeneous
3 1 :‘ ] broadening of the line even at the highest temperatures at
] 1 which measurements were made, as the NMR lines are ap-
57 @% 15 proximately an order of magnitude larger than our crude es-
1 Oooo ooonooo o o o g timate of the homogeneous linewidtlA ¢=1 kHz). Fol-
o b lowing thg onget of motiongl .narrowing,? increases to
0.00 0.05 e 015 0.20 0.25 a_round 5, |mp_ly|ng a c_har)ge in line shape toward the Lor_ent-
zian form. This behavior is typical of all the glasses studied.
T (K" Figure 1b) shows plots of linewidth versus inverse tempera-
o5 ture for various Er REMG samples. For each sample, the
1 () 00 © O S%Er-Bo11 kG linewidth increases while the signal amplitude, instead of
20  ° o©° D5%Er-B-494G following Curie law behavior, decreases with decreasing
] 630 aee W 1%Er-B=43KkG temperature, eventually becoming unobservably weak over a
T 5] ¢ HA° esso o o o ° small temperature range. This is consistent with the ideas
< ] EEFP. o0 *° I presented in Sec. Il in terms of the overlap of exclusion
2 10 5’..;'. g unn ut® .- regions. The signal-to-noise ratio increases with increasing
] s,-' resonance frequency so that, for a given sample, the tempera-
5 ture range over which the line can be observed is somewhat
] larger for a larger applied field.
0 +——"——""7T——T It appears that the maximum observed linewidth depends
0.00 0.05 0.10 0.15 0.20 0.25 on the magnetic ion concentration, the particular ion present
T (K and the magnetic field. In all cases, the NMR signal became

immeasurably broad over a very small temperature range at

FIG. 1. (a) Inhomogeneously broadened nuclear resonance linelow temperatures. The relatively low maximum observed
width (dot§ and moment ratiogsquaresfor a 1% Er REMG with  linewidth (A w,«<25 kHz) and the different values found
B=1.1 T.(b) Inhomogeneously broadened nuclear resonance linefor A w5 for different experiments strongly suggest that the
widths for 1% Er and 5% Er REMG wittB=0.49 T andB abrupt loss of signal at low temperatures is not associated
=11 T. with limited spectrometer bandwidth. This loss of signal ap-

pears to be linked to the overlapping of diffusion barriers

and a Varian electromagnet. Data capture and processinghen two or more neighboring ions contribute to the line-
were carried out using a Nicolet 430 oscilloscope interfacedroadening process for a majority of nuclear spins as dis-
to a desk top computer. Temperature control was achievedussed above. A discussion of the loss of signal and the
using a Janis helium cryostat and a Lakeshore DRC-93Anechanisms associated with this effect has been given
temperature controller. A calibrated carbon glass resistor waglsewhere.
used to measure the sample temperature. The 3P spin-spin relaxation timeT,, determined from

Nuclear resonance line shapes have been characterizedtife spin-echo envelope, is 260s, which is a factor of 2
terms of the moments of the resonance line determined frorfonger than our rough estimate obtained from structural in-
the Fourier transform frequency-domain NMR spin-echoformation. For the ¥, Nd®*, and Smi* ion-doped glasses,
wave forms for samples with large inhomogeneous broaderthe electron correlation time approaches the nuclearalue
ing. A conventional three-pulse spin-echo method was usegt temperatures in the vicinity of 5 K. For &4, the tem-
to measurer, whenever spin echoes could be observed. Atperature at whichr, becomes comparable T, is approxi-
lower temperatures some of the measurements were maggately 50 K. Whenr,<T,, we expect the diffusion and
using free induction decay signals. exclusion barrier radii to reach their maximum values.

IV. RESULTS AND DISCUSSION B. Relaxation times

31 i . . _
A. “'P line shapes Figure 2a) shows plots of'P relaxation rate¥; * versus

Nuclear resonance line shapes for the REMG have beefi™* for the 1% Nd, 6% Nd and metaphosphate Nd REMG
characterized in terms of the moments of the resonance lindgr B=4.9 kG. The peak in the relaxation rate for the 1%
using Aw=(M,)2 and the moment ratio, R Nd data corresponds t@,7.=1. The temperature range
=(M,)/(M,)2. The NMR resonance line is inhomoge- over which measurements could be made on the 6% Nd and
neously broadened due to coupling of the nuclear and parametaphosphate~25%) Nd REMG before the line broad-
magnetic ion moments. Figurédl shows plots of the inho- ened dramatically, rendering the signal unobservable, was
mogeneously broadenédP nuclear resonance linewidth and insufficient to observe the peak |'F11_1. It is clear that the
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FIG. 2. (a) Plots of 'Ijl versus T for 1% Nd, 6% Nd and metaphosphate Nd REMB. Plots ole_1 versusT % for 1% Nd, 1% Er,
and 20% Sm(c) A plot of le versusT ! for 1% Gd REMG. The curves are the best fits to the experimental data pReand[DL ]
expressions.

nuclear relaxation rate is proportional to the magnetic ionexpressions derived for phonon-mediated relaxation pro-
concentration, but it appears that the metaphosphate Ncksses in crystals and to examine how well they describe the
REMG contains a magnetic ion concentration somewhapresent electron relaxation time results as a function of tem-
lower than the nominal 25%. The data have been analyzegerature_ For ions with orbital angular momentun¥0
using Egs(6) [DL] and(7) [RD] to fit the low T and highT  crystal-field splitting of the ground state is important. In the
regions, respectively, as we justify below. The data for thecase of N@* the crystal field splits thély, free ion ground

metaphosphate concentration did not show any crossovefaie into five Kramers doublets. In an applied magnetic field

from [DL] behavior to[RD] behavior before the signal dis- ¢ ground-state degeneracy is lifted and the transitions be-
appeared. There is evidence to suggest that in the 6% een the two levels which are separated by an enéray
glass a crossover does occur, while the data for the 1% N A

glass are well described by a crossover from [RB] ex- n occur. Similar energy levels are found for the other RE
pression above 20 K, to tH®L] expression at lower tem- ions in crystal fields, with the exception of &dwhich has
peratures. This particular data set cannot be described coﬁpl.t'to.nIC ground stat€’Sy, (L=0) and zero crystal-field
sistently by a singléDL ] expression. There are compelling Spiting. i . .
physical reasons for expecting a crossover ff@h] behav- In crystals various _phonon—med!ated transition processes
ior to [RD] behavior as the temperature decreases, sigce € important. These include the dirgsingle phonop Ra-
increases with decreasing temperature, and the condion Man(two phonon, and Orbactitwo phonon processes. Un-
> B corresponding to Eq.7) will be satisfied. The theoreti- like the other two processes which involve transitions be-
cal curves represent the best fits to the data of Ri2] and ~ tween the Zeeman split ground-state levels, Orbach
[DL] expressions applied in a consistent way. processes involve excitation to a state at an enérgpove

If it is assumed that the RE ions occupy sites which apthe ground state. Typically, the crystal-field splitting
proximate octahedral symmetry, it is justifiable to take over>#w,. The resulting relaxation expressiort‘is'®
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TABLE |. Electronic relaxation parameters for magnetic rare- 10"
earth ions obtained fron?'P relaxation data. The quantities are 10121: A
defined in Egs(4) and(5). 10" 4
1010,;
Co (sK9) A(K) 10° 4
10° 2
N+ 2.7(3)x 1077 88(5) I
Ert 1.6(3)x 1077 102(5) IS
St 1.1(3)x 107 103(5) & 10° 4
10* 3
10°
L T7+-A3 ! 8 b
7 Cpa?  Cea?  Co % iy ® ha
exp —|—1 L I B L R B L e
kgT 0.00 0.05 0.10 0.15 0.20 0.25
whereCp, Cg, andCg, are relaxation constants for the di- T (K")

rect, Raman and Orbach processes, respectively.
When A =0, the relaxation expression involves different
transition probabilities. The expression obtained for this cas

FIG. 3. Semilog plots of the electronic relaxation rafg' ex-
gacted from nuclear relaxation data verstis' for the magnetic

has the forr glasses studied.
1 1 1 laxation below 20 K, while the Raman process is most im-
= T+ TS, (9) portant at higher temperatures. Electronic relaxation param-
7€ CL Cg eters for Nd*, EF*, and Smi* ions appear in Table I. For

Gd®" ions, the Orbach process is not operative, and direct
which exhibits a different temperature dependence for thnd Raman processes determine the ionic relaxation time.
Raman process than does E8). The quantitie<Cp andCr  wWe obtain C,=8.1(2)x10 2 (sK) and ChL=2.9(2)
are the relaxation constants for the direct and Raman prox 16° (sK®) for the G#* REMG.
cesses, respectively, and are clearly different from the relax- The parameters listed in Table I, together with andC/,

ation constants in E(8). _ for GE*, have been used to generate logarithmic plots of the
Equations(8) and(9) assume a Debye phonon density of -1

T . . : . electronic relaxation rate, * vs T~ for the magnetic ions
states. This is consistent with recent wdfkincluding the

p al del R which h ib studied(Fig. 3. It can be seen that the relaxation rates for
SfOt potentia model approachi,whic sugge.sts that vibra- - 15se jons in REMG with a crystal-field splitting, where the
tional modes in these systems are phononlike.

Lo . . Orbach process can play a role, are much higher than for the
In Nd®" REMG, the contributions to electronic relaxation GE+ RIEMG As notepd gbove it is clear fron?Fig(tQ that

from the Raman and direct processes are negligible, and ”}ﬁe relaxation behavior of the 1% Nd and 1% Er glasses is

data were analyzed taking only the Orbach process into aQ/'ery similar at higher temperatures. Figure 3 shows that a

count for the temperature range C°V°ireo' In _these EXPETkrossover in electron correlation times for these two systems
ments. All three Nd data sets were fitted using the same

Orbach relaxati ters. Both the line-shape data argcr> at around 15 K.
rbach relaxation parameters. o € line-shape data and o quality of the fits of the relaxation expressions to the
the relaxation data provide no evidence that spin-spin inter

" bet th i . ant thexperimental data and the consistency of the fitting param-
actions between {he rare-earin 1ons are important over e s petween data sets provide strong support for the model
temperature range covered in the present experiment.

. 1 , ) as well as for the use of electronic relaxation expressions
Figure 2b) shows plots of'P relaxation rate¥, - versus assuming a phonon density of states. Fradbasd “ex-

-1
T~ for the 1% Nd, 1% Er, and 20% Sm REMG. The ceqs” mode? involving low-energy excitations do not ap-
nuclear relaxation rates for the Nd and Er REMG are S|m|larpear to play a role in the electronic relaxation processes in

at high temperatures. The peak in the Nd data occurs at ese systems. In addition, the results obtained for the
lower temperature than in the Er and Sm data. This Suggest§ystal-field energy gag in the Nd-, Sm-, and Er-doped
faster electronic relaxation in the Rt ions, which results glasses seem to indicate that there is a surprisingly small

from a smaller crystal-field splitting than in the other REMG. gistribution of crystal-field splittings. Further work is needed
Nuclear relaxation in the 20% Sm REMG is much faster thang confirm this.

in the 1% Er and 1% Nd REMG because of the much higher
dopant concentration.

For the 1% Gd REMG, electronic relaxation is much less
efficient than in the other REMG due to the absence of the It is clear from the results presented here that there is
Orbach process. The condition,7.=1 is not satisfied considerable inhomogeneous broadening of #e reso-
within the temperature range covered, and all the data are amance line in REMG. The line-shape changes in character
the low-temperature side of the relaxation pgaig. 2(c)]. In from a Gaussian form to a Lorentzian form as the tempera-
Gd®" REMG, the whole data set is well described by theture increases. This is due to the decrease in the electron
[DL] expression. The direct relaxation process dominates resorrelation time which leads to motional narrowing -

V. CONCLUSION
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creases. The abrupt loss of signal at low temperatures supnd the results indicate a small distributionfof/alues in the
ports the model proposed for overlapping of nuclear spirREMG. In the case of Gd-doped glasses, where no crystal-
diffusion and exclusion barriers in these materials. field splitting occurs, the paramagnetic ion correlation time is
Measurements of thé'P spin-lattice relaxation time in determined by direct and Raman processes. The approach we
metaphosphate glasses doped with rare-earth ions shayave established for determining details of paramagnetic ion

strong evidence that the spin dynamics of these ions are goyrehavior in these systems should be widely applicable to
erned by phonon mediated relaxation processes over a widgmilar systems.

range of temperature. For Er-, Nd-, and Sm-doped glasses,
the observed behavior with temperature is similar in all
cases, with the spin correlation time being determined by a
two-phonon Orbach process. The local environment of the
ions is a distorted octahedron of oxygen atoms which give Financial support from the National Research Foundation
rise to crystal-field splittings. Estimates of the splitting areand the University of the Witwatersrand is gratefully ac-
provided by the present work for the ions mentioned aboveknowledged.
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