
PHYSICAL REVIEW B, VOLUME 63, 054413
Spin dynamics of rare-earth ions in phosphate laser glasses
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The spin dynamics of rare-earth ions~Er, Nd, Sm, and Gd! in heavily doped phosphate glasses have been
investigated using31P 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
1022–10212 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.

DOI: 10.1103/PhysRevB.63.054413 PACS number~s!: 75.50.Kj, 76.30.Kg, 76.60.2k
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I. INTRODUCTION

Magnetic and magneto-optic phenomena, of interest
optoelectronic applications, have been found in the rare-e
metaphosphate glasses~REMG! with compositions in the vi-
cinity (R2O3)0.25(P2O5)0.75, where R is a rare-earth~RE!
element. For example, these paramagnetic materials ex
the largest known magnetic contributions to the lo
temperature specific heats in oxide glasses.1 X-ray diffrac-
tion and extended x-ray-absorption fine-structures~EXAFS!
studies2–4 have shown that the structure of REMG compris
a three-dimensional 3D network of corner-linked PO4 tetra-
hedra, with the RE ions, which in several instances
known to be trivalentR31, occupying sites within the PO4
skeleton.

Paramagnetic relaxation processes in RE-doped gla
are of interest for a number of reasons. In crystalline syste
crystal fields and lattice dynamics are understood. Their ro
in the various relaxation processes which occur are well
tablished. In amorphous materials, such as the present p
phate glasses, the RE ions do not occupy sites with oct
dral symmetry, although the symmetry appears to be clos
this. A distribution of crystal-field interactions results in
distribution of crystal-field splittings in the ionic energy le
els. If the distribution is broad, the RE ion relaxation shou
reflect this. Furthermore, high-frequency vibrational mod
in amorphous materials are of considerable interest, and
oretical work has, for example, provided evidence for fra
tons. While paramagnetic relaxation does not give direct
formation on such modes, a comparison of the behavio
the REMG systems with that found in crystalline materi
may provide indirect evidence for the importance of no
Debye behavior.

In the REMG system the paramagnetic ion relaxat
times are typically extremely short (1029–10212 s) except
at temperatures in the liquid-helium range. Broad elect
paramagnetic resonance~EPR! lines are observed with spec
tral diffusion preventing the measurement of paramagn
0163-1829/2001/63~5!/054413~6!/$15.00 63 0544
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relaxation times directly using pulsed or continuous wa
EPR methods.5

In recent work6 we have shown that it is possible to stud
the spin dynamics of RE ions in metaphosphate glasses u
31P NMR as a probe. The present investigation has app
the NMR method to a number of REMG systems contain
Er, Nd, Sm, and Gd ions. For some of these systems, La o
ions have been used as a buffer in order to lower the c
centration of magnetic ions while preserving the metaph
phate glass structure. Information on the dynamics of
rare-earth ions has been obtained using the model devel
previously.6

II. MODELS AND THEORETICAL EXPRESSIONS

The structural units of the metaphosphate glasses are4
tetrahedra which are linked together into chains with cro
linkage and branching of chains. RE ions occupy sites in
glassy structure such that their nearest neighbors are ox
atoms and the structure is independent of the particular
modifier which is present. Bowronet al.2 have used EXAFS
to determine the average coordination numbers for first s
oxygen atoms around a RE ion and suggest that the
occupy a mixture of sites with pseudo-octahedral and bo
centered-cubic symmetry. Octahedral sites appear to
dominate and exhibit slight distortions due to the glas
structure of the host. EPR measurements5 show that there is
a large distribution ofg values in these systems giving rise
broad rather featureless absorption spectra.

Spin-lattice relaxation timeste of the RE ions cannot be
measured directly using EPR methods for reasons mentio
in Sec. I.te may however be obtained from31P NMR. The
nuclear spin-lattice relaxation timeT1 is measured, andte is
extracted using a model presented recently.6 A brief discus-
sion of this model follows in the interests of completenes

While the 31P spins in a phosphate glass are not arran
in a regular periodic lattice, they are sufficiently close
each other that spin diffusion, mediated by the nucl
dipole-dipole interactions, can occur. The local magne
©2001 The American Physical Society13-1



fts
p
ie
to
c

us
s

e

s
e

ab
th

he
n

si
th

ra
ar

-
ed

ith
in
n

nt
em
s

ally
ti-

n
of
ag-
nen-
has
d for

ns
s a

e of

ibe
ly.
ex-

ive

u-

and
s.

the

ter

GOUDEMOND, KEARTLAND, HOCH, AND SAUNDERS PHYSICAL REVIEW B63 054413
field Bloc produced by a paramagnetic ion will produce shi
in the nuclear resonance frequencies which may inhibit s
diffusion. Furthermore, the shifts in resonance frequenc
for nuclei close to an ion may result in their contribution
the NMR signal becoming unobservably weak. By introdu
ing a mean spacing,a0, between the nuclear spins, the radi
b0 of the diffusion barrier, inside which spin diffusion doe
not operate,7 is obtained from the condition

a0S dBloc

dr D
r 5b0

5Dv, ~1!

whereDv is the natural nuclear linewidth andr is the dis-
tance measured from the ion. Using the dipolar field expr
sion in terms ofr gives

b05S Dv

3a0SD 21/4

~2!

for te@T2, wherete is the electron correlation time andT2
is the nuclear spin-spin relaxation time. Forte!T2 we ob-
tain

b05S kBTDv

3a0g IgS
2\2S2B

D 21/4

, ~3!

where T is the absolute temperature andB is the applied
magnetic field.

It is clear from Eq.~3! that b0 will increase asT is de-
creased reaching the limiting value given by Eq.~2! at suf-
ficiently low T. Because the31P nuclei are fixed in the glas
structure we do not expect any temperature dependenc
the nuclear spin-diffusion coefficientD.

The 31P line-shape second moment^M2& due to nuclear
dipole-dipole interactions has been estimated using avail
structural information. From crude calculations based on
mean spin density we obtainDv.A^M2&573103 s21,
which givesT2.Dv215140 ms, andD.a0

2 (A^M2&/30)
;10213 cm2 s21, with a fairly large uncertainty.

Nuclear spins inside the diffusion barrier contribute to t
nuclear signal provided their resonance frequencies are
shifted so much that their contributions to the measured
nal are unobservably weak or their frequencies lie outside
bandwidth of the spectrometer. An exclusion barrier of
dius rc may be defined as the radius inside which nuclei
excluded from the signal.rc will have a similar temperature
dependence to that ofb0 and may be written asrc.b0 /k
where k is a numerical factor larger than 1. UsingBloc
;me /r 3, we estimatek.2.560.5. Nuclear spins at a dis
tancerc,r ,b0 give rise to an inhomogeneously broaden
contribution to the NMR line shape. At low temperaturesb0
andrc may become sufficiently large that they overlap w
the corresponding barriers associated with neighboring sp
For samples with a high concentration of paramagnetic io
such as the present paramagnetic glasses, a significa
complete loss of nuclear signal may be expected at low t
peratures. This is substantiated using numerical estimate
the distanceŝr ss& andrc , where^r ss& is the mean spacing
between paramagnetic ions.
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The theory of nuclear spin-lattice relaxation~NSLR! due
to localized, isolated paramagnetic centers in magnetic
dilute crystals7–13 has been extended to account for magne
cally concentrated systems.6 In such systems, nuclear spi
diffusion may be inoperative in appreciable fractions
sample volume, and nuclei may relax to multiple param
netic sites. The relaxation curves have a stretched expo
tial or Kohlrausch form and the shape of these curves
been discussed using the theoretical expressions derive
these systems.6

The average nuclear relaxation rates for diffusive regio
were extracted from the magnetization recovery data a
function of timet using6

M ~t!

M0
5122nF f expS 2t

T1
D1~12 f !expS 2A t

lT1
D G ,

~4!

wheren is a scaling factor, introduced because the degre
nuclear saturation is not known precisely, andf is the diffu-
sive fraction of nuclei. The first and second terms descr
NSLR in diffusive and nondiffusive regions, respective
The relaxation rate for nondiffusive regions has been
pressed in the form6 T185lT1 for convenience, wherel is
the ratio of the average relaxation rates for nuclei in diffus
and nondiffusive regions.

The relaxation rate for nuclei in regions where spin diff
sion maintains a spin temperature is given by6

1

T1
5

4p

3

nsC

b3
, ~5!

wherens is the concentration of paramagnetic ions andb is
the larger of b0 or b, where b5@C/D#1/4 with C
5 2

5 (g IgS\)2S(S11)@te /(11v I
2te

2)#.
In the diffusion-limited case@DL# b.b0, and Eq.~5! be-

comes

1

T1
5F4p

3
CG1/4

D3/4, ~6!

while for the rapid diffusion case@RD# the following expres-
sion applies:

1

T1
5

4p

3

nsC

~gS\S!3/2S Dv

v I
D 3/4S kBT

3a0
D 3/4

, ~7!

providedte!T2. Crossover behavior from@DL# to @RD# re-
laxation may be expected with a decrease in temperature,
care must be exercised in applying the above expression

III. EXPERIMENTAL DETAILS

The samples were prepared from the melt at
University of Bath with original stoichiometry2–4

(R2O3)x(X2O3)0.252x(P2O5)0.75, andx in the range 0.01 to
0.25 ~nominally!, for R5Er31, Nd31, Sm31 and Gd31, and
X5Y31 or La31.

31P NMR measurements at 8.5 MHz~0.49 T! and 19.25
MHz ~1.1 T! were made using a pulsed NMR spectrome
3-2
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SPIN DYNAMICS OF RARE-EARTH IONS IN . . . PHYSICAL REVIEW B63 054413
and a Varian electromagnet. Data capture and proces
were carried out using a Nicolet 430 oscilloscope interfa
to a desk top computer. Temperature control was achie
using a Janis helium cryostat and a Lakeshore DRC-9
temperature controller. A calibrated carbon glass resistor
used to measure the sample temperature.

Nuclear resonance line shapes have been characteriz
terms of the moments of the resonance line determined f
the Fourier transform frequency-domain NMR spin-ec
wave forms for samples with large inhomogeneous broad
ing. A conventional three-pulse spin-echo method was u
to measureT1 whenever spin echoes could be observed.
lower temperatures some of the measurements were m
using free induction decay signals.

IV. RESULTS AND DISCUSSION

A. 31P line shapes

Nuclear resonance line shapes for the REMG have b
characterized in terms of the moments of the resonance
using Dv5^M2&

1/2, and the moment ratio, R
5^M4&/^M2&

2. The NMR resonance line is inhomoge
neously broadened due to coupling of the nuclear and p
magnetic ion moments. Figure 1~a! shows plots of the inho-
mogeneously broadened31P nuclear resonance linewidth an

FIG. 1. ~a! Inhomogeneously broadened nuclear resonance l
width ~dots! and moment ratios~squares! for a 1% Er REMG with
B51.1 T. ~b! Inhomogeneously broadened nuclear resonance l
widths for 1% Er and 5% Er REMG withB50.49 T and B
51.1 T.
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moment ratioR versus inverse temperature for a 1%
REMG atB51.1 T. The linewidth increases from approx
mately 7 to approximately 16 kHz with decreasing tempe
ture, reaching a plateau at approximately 20 K. The ratioR is
close to 3 at low temperatures, suggesting a characteristic
Gaussian line shape.8 There is appreciable inhomogeneo
broadening of the line even at the highest temperature
which measurements were made, as the NMR lines are
proximately an order of magnitude larger than our crude
timate of the homogeneous linewidth (Dv.1 kHz). Fol-
lowing the onset of motional narrowing,R increases to
around 5, implying a change in line shape toward the Lore
zian form. This behavior is typical of all the glasses studi
Figure 1~b! shows plots of linewidth versus inverse tempe
ture for various Er REMG samples. For each sample,
linewidth increases while the signal amplitude, instead
following Curie law behavior, decreases with decreas
temperature, eventually becoming unobservably weak ov
small temperature range. This is consistent with the id
presented in Sec. II in terms of the overlap of exclusi
regions. The signal-to-noise ratio increases with increas
resonance frequency so that, for a given sample, the temp
ture range over which the line can be observed is somew
larger for a larger applied field.

It appears that the maximum observed linewidth depe
on the magnetic ion concentration, the particular ion pres
and the magnetic field. In all cases, the NMR signal beca
immeasurably broad over a very small temperature rang
low temperatures. The relatively low maximum observ
linewidth (Dvmax,25 kHz) and the different values foun
for Dvmax for different experiments strongly suggest that t
abrupt loss of signal at low temperatures is not associa
with limited spectrometer bandwidth. This loss of signal a
pears to be linked to the overlapping of diffusion barrie
when two or more neighboring ions contribute to the lin
broadening process for a majority of nuclear spins as
cussed above. A discussion of the loss of signal and
mechanisms associated with this effect has been g
elsewhere.5

The 31P spin-spin relaxation time,T2, determined from
the spin-echo envelope, is 260ms, which is a factor of 2
longer than our rough estimate obtained from structural
formation. For the Er31, Nd31, and Sm31 ion-doped glasses
the electron correlation time approaches the nuclearT2 value
at temperatures in the vicinity of 5 K. For Gd31, the tem-
perature at whichte becomes comparable toT2 is approxi-
mately 50 K. Whente&T2, we expect the diffusion and
exclusion barrier radii to reach their maximum values.

B. Relaxation times

Figure 2~a! shows plots of31P relaxation ratesT1
21 versus

T21 for the 1% Nd, 6% Nd and metaphosphate Nd REM
for B54.9 kG. The peak in the relaxation rate for the 1
Nd data corresponds tovnte51. The temperature rang
over which measurements could be made on the 6% Nd
metaphosphate (;25%) Nd REMG before the line broad
ened dramatically, rendering the signal unobservable,
insufficient to observe the peak inT1

21. It is clear that the

e-

e-
3-3
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FIG. 2. ~a! Plots of T1
21 versus T21 for 1% Nd, 6% Nd and metaphosphate Nd REMG.~b! Plots ofT1

21 versusT21 for 1% Nd, 1% Er,
and 20% Sm.~c! A plot of T1

21 versusT21 for 1% Gd REMG. The curves are the best fits to the experimental data of the@RD# and@DL#
expressions.
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nuclear relaxation rate is proportional to the magnetic
concentration, but it appears that the metaphosphate
REMG contains a magnetic ion concentration somew
lower than the nominal 25%. The data have been analy
using Eqs.~6! @DL# and~7! @RD# to fit the lowT and highT
regions, respectively, as we justify below. The data for
metaphosphate concentration did not show any cross
from @DL# behavior to@RD# behavior before the signal dis
appeared. There is evidence to suggest that in the 6%
glass a crossover does occur, while the data for the 1%
glass are well described by a crossover from the@RD# ex-
pression above 20 K, to the@DL# expression at lower tem
peratures. This particular data set cannot be described
sistently by a single@DL# expression. There are compellin
physical reasons for expecting a crossover from@DL# behav-
ior to @RD# behavior as the temperature decreases, sincb0
increases with decreasing temperature, and the conditiob0
.b corresponding to Eq.~7! will be satisfied. The theoreti
cal curves represent the best fits to the data of the@RD# and
@DL# expressions applied in a consistent way.

If it is assumed that the RE ions occupy sites which
proximate octahedral symmetry, it is justifiable to take ov
05441
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expressions derived for phonon-mediated relaxation p
cesses in crystals and to examine how well they describe
present electron relaxation time results as a function of te
perature. For ions with orbital angular momentumLÞ0
crystal-field splitting of the ground state is important. In t
case of Nd31 the crystal field splits the4I9/2 free ion ground
state into five Kramers doublets. In an applied magnetic fi
the ground-state degeneracy is lifted and the transitions
tween the two levels which are separated by an energy\ve

can occur. Similar energy levels are found for the other
ions in crystal fields, with the exception of Gd31 which has
an ionic ground state8S7/2 (L50) and zero crystal-field
splitting.

In crystals various phonon-mediated transition proces
are important. These include the direct~single phonon!, Ra-
man~two phonon!, and Orbach~two phonon! processes. Un-
like the other two processes which involve transitions b
tween the Zeeman split ground-state levels, Orba
processes involve excitation to a state at an energyD above
the ground state. Typically, the crystal-field splittingD
@\ve . The resulting relaxation expression is14–16
3-4
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1

te
5

1

CDD2
T1

1

CRD2
T71

D3

CO

1

expS D

kBTD21

, ~8!

whereCD , CR , andCO are relaxation constants for the d
rect, Raman and Orbach processes, respectively.

When D50, the relaxation expression involves differe
transition probabilities. The expression obtained for this c
has the form14

1

te
5

1

CD8
T1

1

CR8
T5, ~9!

which exhibits a different temperature dependence for
Raman process than does Eq.~8!. The quantitiesCD8 andCR8
are the relaxation constants for the direct and Raman
cesses, respectively, and are clearly different from the re
ation constants in Eq.~8!.

Equations~8! and~9! assume a Debye phonon density
states. This is consistent with recent work,17 including the
soft potential model approach,18 which suggests that vibra
tional modes in these systems are phononlike.

In Nd31 REMG, the contributions to electronic relaxatio
from the Raman and direct processes are negligible, and
data were analyzed taking only the Orbach process into
count for the temperature range covered in these exp
ments. All three Nd data sets were fitted using the sa
Orbach relaxation parameters. Both the line-shape data
the relaxation data provide no evidence that spin-spin in
actions between the rare-earth ions are important over
temperature range covered in the present experiment.

Figure 2~b! shows plots of31P relaxation ratesT1
21 versus

T21 for the 1% Nd, 1% Er, and 20% Sm REMG. Th
nuclear relaxation rates for the Nd and Er REMG are sim
at high temperatures. The peak in the Nd data occurs
lower temperature than in the Er and Sm data. This sugg
faster electronic relaxation in the Nd31 ions, which results
from a smaller crystal-field splitting than in the other REM
Nuclear relaxation in the 20% Sm REMG is much faster th
in the 1% Er and 1% Nd REMG because of the much hig
dopant concentration.

For the 1% Gd REMG, electronic relaxation is much le
efficient than in the other REMG due to the absence of
Orbach process. The conditionvnte51 is not satisfied
within the temperature range covered, and all the data ar
the low-temperature side of the relaxation peak@Fig. 2~c!#. In
Gd31 REMG, the whole data set is well described by t
@DL# expression. The direct relaxation process dominates

TABLE I. Electronic relaxation parameters for magnetic ra
earth ions obtained from31P relaxation data. The quantities a
defined in Eqs.~4! and ~5!.

C0 (s K5) D(K)

Nd31 2.7(3)31027 88(5)
Er31 1.6(3)31027 102(5)
Sm31 1.1(3)31027 103(5)
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laxation below 20 K, while the Raman process is most i
portant at higher temperatures. Electronic relaxation par
eters for Nd31, Er31, and Sm31 ions appear in Table I. Fo
Gd31 ions, the Orbach process is not operative, and dir
and Raman processes determine the ionic relaxation t
We obtain CD8 58.1(2)31022 (s K) and CR852.9(2)
3105 (s K5) for the Gd31 REMG.

The parameters listed in Table I, together withCR8 andCD8
for Gd31, have been used to generate logarithmic plots of
electronic relaxation ratete

21 vs T21 for the magnetic ions
studied~Fig. 3!. It can be seen that the relaxation rates
those ions in REMG with a crystal-field splitting, where th
Orbach process can play a role, are much higher than for
Gd31 REMG. As noted above, it is clear from Fig. 2~b! that
the relaxation behavior of the 1% Nd and 1% Er glasse
very similar at higher temperatures. Figure 3 shows tha
crossover in electron correlation times for these two syste
occurs at around 15 K.

The quality of the fits of the relaxation expressions to t
experimental data and the consistency of the fitting para
eters between data sets provide strong support for the m
as well as for the use of electronic relaxation expressi
assuming a phonon density of states. Fractons19 and ‘‘ex-
cess’’ modes20 involving low-energy excitations do not ap
pear to play a role in the electronic relaxation processe
these systems. In addition, the results obtained for
crystal-field energy gapD in the Nd-, Sm-, and Er-doped
glasses seem to indicate that there is a surprisingly sm
distribution of crystal-field splittings. Further work is neede
to confirm this.

V. CONCLUSION

It is clear from the results presented here that there
considerable inhomogeneous broadening of the31P reso-
nance line in REMG. The line-shape changes in chara
from a Gaussian form to a Lorentzian form as the tempe
ture increases. This is due to the decrease in the elec
correlation time which leads to motional narrowing asT in-

FIG. 3. Semilog plots of the electronic relaxation ratete
21 ex-

tracted from nuclear relaxation data versusT21 for the magnetic
glasses studied.

-

3-5
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creases. The abrupt loss of signal at low temperatures
ports the model proposed for overlapping of nuclear s
diffusion and exclusion barriers in these materials.

Measurements of the31P spin-lattice relaxation time in
metaphosphate glasses doped with rare-earth ions s
strong evidence that the spin dynamics of these ions are
erned by phonon mediated relaxation processes over a
range of temperature. For Er-, Nd-, and Sm-doped glas
the observed behavior with temperature is similar in
cases, with the spin correlation time being determined b
two-phonon Orbach process. The local environment of
ions is a distorted octahedron of oxygen atoms which g
rise to crystal-field splittings. Estimates of the splitting a
provided by the present work for the ions mentioned abo
nd

nd

d,

nd

un

un

o
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and the results indicate a small distribution ofD values in the
REMG. In the case of Gd-doped glasses, where no crys
field splitting occurs, the paramagnetic ion correlation time
determined by direct and Raman processes. The approac
have established for determining details of paramagnetic
behavior in these systems should be widely applicable
similar systems.
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