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The intrinsic emission of DyPO4 has been studied under magnetic field above and below the

spin-flip transition. A detailed analysis of the behavior of one of the emission lines correspond-

ing to the "F912 H&y2 transition has been performed in the framework of the 3d Ising model

involving only the nearest-neighbor interactions. The experimental data quite nicely fit this

model which was previously proposed by Wright for DyPO4. We determine the Ising parameter

Jo (exchange and dipolar interactions) for the emitting F912 level and for the sublevels of the

H]3/2, A calculation of the dipolar field acting on one Dy + ion allows us to determine the

molecular field corresponding to the exchange interaction, which we show to be the same for
13

different sublevels of the J =
2

states. Our measurements, although being much more difficult

than absorption studies (short lifetimes, small quantum efficiencies) lead to a different insight in

the DyPO4 model and prove to be very useful in this crystal where we could make a quantita-

tive study from emission spectra.

I. INTRODUCTION

The Ising model has received considerable atten-
tion during this past decade. Two essential features
are responsible for this interest. First, its idealized
simplification allows one to get exact solutions and
second, a certain number of real systems were shown
to possess, to a good approximation, the basic charac-
teristics of this model.

Among them, the DyPO4 crystal which has the
tetragonal zircon structure has been proven through
high-resolution absorption experiments and heat-
capacity measurements to nicely fit the three-
dimensional Ising model. " DyPO4 possesses the
useful, if not unique, characteristic of displaying a
pseudo "superfine" structure on most of its absorp-
tion bands, which give rise in polarized light, to five
well-resolved bands corresponding to the different
spin arrangements of the four nearest-neighbor (NN)
ions around the excited Dy +. This feature has been
attributed' to Ising interactions restricted to the four
NN of a Dy'+ ion. However, several difficulties
arose when considering certain transitions in certain
crystals where it turned out that the optical selection
rules were not so well obeyed as in others, leading to
a more intricate substructure than would give the
ideal NN Ising model. '

Compelled by the recent and fruitful progresses

made in the dye laser field as well as in detection and
signal processing devices, we decided to tackle this
problem from another view point, i.e., starting from
emission measurements which were likely to over-
come a practical difficulty which arises during the ab-
sorption measurements: at low temperature, below
3.4 K which is the antiferromagnetic ordering tem-
perature, the five-line structure evolves into a single
line, corresponding to the pure antiferromagnetic
(AF) arrangement of all the spins in the lattice. This
feature leaves the experimentalist with the possibility
to study the behavior (e.g. , under magnetic field) of
a single transition in the spectrum. This arises be-
cause the population equilibrium in the ground state
tends to convert all the spin configurations around
the central ion into a pure antiferrornagnetic or spin-
flip arrangement.

On the contrary, starting from a conveniently pop-
ulated excited state, we may hope to get a larger
number of allowed transitions (twice more) if the
population of the various sites has not had enough
time to reach Boltzman equilibrium before the
fluorescence decay, or if the pseudosuperfine and
Zeeman splittings are very small.

Fortunately one of these conditions (or both)
turned out to be fulfilled in this crystal and this
proved to be rather fruitful 'leading to a number of
determinations of the same parameters which could,
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in turn, give a reasonable confirmation for the 31NN
Ising model in DyPO4.

We therefore studied relatively simply structured
transitions, generally with two components for a
given spin-orbit level; This allowed us to get a com-
plete set of results in the different magnetic phases of
DyPO4, since the spectra are never so intricate as
they can be in absorption measurements. We shall
see that, without any extrapolation we are able to ex-
tract a number of parameters.

In Sec. II, we describe briefly the experimental set-
up which we used in the present study. In particular,
we observed that the intrinsic emission of DyPO4 is
very low. This gives us information about the
processes which tend to destroy the pure excitonic
character of the excitations in ordered crystals.

Since we can separate intrinsic emission lines from
those related to impurities by time resolving the spec-
tra (Sec. III A) and since the perfect ordering of the
DyPO4 crystal is an essential condition in order to get
well-defined selection rules for both absorption and
emission lines, such a study is relevant to the present
problem of checking the NN Ising model for DyPO4.

In Sec. III 8 we focus our attention to the detailed
analysis of the behavior of a particular line (called the
D line in the following) which displays the interesting
property of being both m and o. polarized. From the
analysis of the experimental results obtained below
and above the critical field H„we derive a certain
number of pertinent parameters and prove definitely
the pertinence of the Ising model in explaining the
fluorescence experiments, therefore giving strong
support to the conclusions of Wright et al. '

In Sec. III C we analyze the results of cw experi-
ments under magnetic field on several other lines ob-
served in the 17300 cm ' region. Since they are all
either mostly m or 0- polarized they cannot bring so
much information as the D line and we restricted our
attention to their behavior in the ferromagnetic
phase. However that study allowed us to estimate Jo
and g for the other sublevels of H~3/2.

Moreover (Sec. III D), this study led us to an
unambiguous spectroscopic attribution for all the sub-
levels of H~y~. In Sec. IIIE we report some results
concerning the spin-spin interaction in this excited
level.

II. EXPERIMENTAL

The very high purity crystal which was used in
these experiments was grown at Oxford, in the shape
of a small parallelepiped completed with two natural
tetragonal pyramids directed along the S4 axis of the
crystal. Its overall dimensions were about 5 mm in
each direction and, as we will show later, its particu-
lar shape allows us to consider it nearly a sphere for .

the calculation of the demagnetizing field. This im-
portant feature led us to somewhat different results

compared to other authors" who used needle-shaped
specimens.

In the course of our study, the sample was always
mounted in the cryostat so that its S4 axis lay parallel
to the external magnetic field. The exciting beam
was perpendicular to the S4 axis. In that configura-
tion the emitted photons could be analyzed with ei-
ther m or cr polarization corresponding to emitting di-
poles, respectively, parallel and perpendicular to the
S4 axis of the crystal, the emitted light being perpen-
dicular to the S~ axis.

The experimental setup consisted of a standard
liquid helium cryostat containing a split-coil super-
conducting magnet so that the optical pumping and
the collection of the emitted photons could be per-
formed at 90', which strongly reduced the spurious
signals arising from stray diffusion in the sample.
The optical pumping could be achieved in two dif-
ferent ways depending on the type of experiment be-
ing performed.

A cw argon laser was used for cw measurements
adjusted on its blue and uv lines. Time-resolved ex-
periments were performed using a pulsed dye laser
(resolution 1 cm ') pumped by a nitrogen laser.

Since, in all these experiments the quantum yield
of fluorescence ranged around 10 9 in the spectral re-
gion of interest, we were forced to use photon count-
ing techniques both for cw and pulsed experiments.
In these studies the emitted photons were collected
on the entrance slit of a 1.5-m high-resolution mono-
chromator equipped with a 2500-lines/mm grating,
and detected with a very low dark noise photomulti-
plier. In the cw experiments the photoelectrons issu-
ing from the photomultiplier were counted and
time averaged in a microcomputer. In the pulsed ex-
periments, the burst of photoelectrons emitted after
each laser pulse was fed into a fast transient digitizer
(Tektronix R 7912) which was specially interfaced in
order to allow a digital counting of the photons emit-
ted in a fixed period of time after the laser pulse. 4

Our detection device was then interfaced to the mi-
crocomputer which gave a direct access to the decay
times and the time averaging of the emission spectra.
As has been shown previously, the gating technique
allows one to get information about possible energy
transfers during the decay' to impurity traps which

might be present in the crystal.

III. RESULTS AND DISCUSSION

A. Intrinsic fluorescence and impurity
bands-polarized emission

Due to experimental convenience, we restricted
our study to the 17300 cm ' region corresponding to
the F9g2 H&3~2 transition where we could detect a
larger number of photons. Some other groups of
lines, obviously corresponding to the fluorescent de-



1218 R. H. PETIT, J. FERRE, AND J. DURAN 23

cay from the same emitting level to other ground-
state multiplets ('H)g2, H9!2, . . . , ) were also
detected, but with smaller quantum yields. Figure 1

reports the emission spectra recorded in the 17300
cm ' region under cw and pulsed excitation.

A straightforward conclusion which can be deduced
from our time-resolved experiments is the decay time
rF (common to all the lines reported in the pulsed
spectrum) which was measured as 400+ 20 ns.

In order to ensure that this rather short decay time
was not due to an excessively intense pumping of the

F9/2 level, we checked, by decreasing, as much as we

could, the power of the pumping laser without ob-
serving any change in ~F. As in doped crystals, and
considering that all the observed lines decaying to the
H]3/2 level should correspond to transitions with

very small oscillator strengths, we conclude that there
exists a very efficient nonradiative decay channel,
which empties the excited state much faster than
would the normal radiative process to the ground
state. A tentative explanation for this very fast non-
radiative process can be proposed, taking into account
the results of Auzel et al. who found a decreasing
nonradiative decay time when increasing the concen-
tration of Eu3+ in [(C4H9)4N]3Eu„Y~ „(NCS)6 from
1 to 100%.

An important consequence of this very short decay
time lies in the possibility to observe more lines in
emission under magnetic field. Generally, relaxation
between Zeeman sublevels occurs before emission.
In the case of DyPO4, the levels split by the magnetic
field correspond to different types of Dy'+ ions, hav-

Photons / s
cw laser

300-

~~da =1.6cm-1

S200-
0

lioo
E

~t AQ" 1.6cm1
10

17260 17340
0 (cm-1)

17420

FIG. 1, Unpolarized emission spectrum in the 17300
crn ' region obtained under cw (upper curve) and pulsed
excitation. In the latter case, the counted photons were gat-
ed during 2 p,s after the laser pulse. T =1.5 K and H =0.
The difference in relative intensities of the lines in both
spectra should be attributed to different filters used to cutoff
the scattered light.

ing different surroundings of nearest neighbors.
Then, the relevant relaxation time to the lower Zee-
man sublevel is an interionic one, vR, which is likely
to be much larger than 400 ns, as could be effectively
observed under high magnetic fields.

We could also get information about the multipho-
non decay in 4F9/2 due to the following feature which
was observed when pumping with the cw Ar+ laser:
although none of the Ar+ line would fall in an ab-
sorption line of the DyPO4 crystal (except the uv
line), we obtained, in all cases a relatively strong sig-
nal in the 17300 cm ' region which did not depend
on the excitation wavelength. This feature undoubt-
edly displays the existence of a relatively important
electron-lattice coupling which is responsible for a
fast and efficient decay of the pumping energy to-
wards the lowest sublevel of the 'F9/2, state, In order
to check that, we performed time-resolved experi-
ments with a blue dye laser pumping well above (750
cm ') the F9!2 level, in a region where no significant
absorption could be detected.

This experiment, once. more, gave rise to the same
fluorescence signal. corresponding to the F9/2 H]3/2
transitions with such an intensity that it could not be
explained by a resonant pumping of the absorption
lines through the small broad-band Auorescence gen-
erally emitted together with the sharp laser pulse in

dye laser experiments. Another feature demonstrat-
ing the existence of a broad multiphonon absorption
band was given by the fact that no emission was
detected when pumping belo~ the resonant line.

The DyPO4 fluorescence signal appeared immedi-
ately after the pumping pulse (in a delay shorter than
10 ns, our photomultiplier time resolution). This
result, indicating a very fast multiphonon decay in

the excited state of DyPO4 seems rather surprising
when compared to similar experiments performed on
doped crystals. ' At the present time we can only
conclude from this feature that there exists a stronger
electron lattice coupling in pure DyPO4 than in dilut-
ed systems.

A comparison between both spectra in Fig. 1 shows
only a few differences between them: using the gat-
ing technique (gate equal to 5 rF), we observed that
besides a certain number of small lines appearing
around 17 280 cm ' and 17 340 cm ' a noticeable
band appears at 17402 cm ' which is not detected in
the pulsed spectrum. Undoubtedly this band does
not correspond to an emitting impurity ion but rather
to a perturbed exciton, the decay time of which being
much larger than S~F. Its splittings in magnetic field
confirms this attribution. Another remarkable
feature. , connected with the existence of this per-
turbed exciton is that it could be excited only in par-
ticular region of the crystal. They have been avoided
in the course of the following experiments, where the
intrinsic fluorescence was measured with the cw

laser, leading to a better signal-to-noise ratio and al-
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lowing a better resolution (ha = 1.2 cm ').
Concerning the comparison between the spectra of

Fig. 1, it is important to notice the identical width of
the cw lines and of those of the pulsed spectrum.
Since these widths are larger than our spectral resolu-
tion (1.6 cm '), we can conciude that in the cw spec-
trum there are no perturbed exciton lines superim-
posed to the excitonic ones. This clearly puts in evi-
dence the fact that our crystal exhibits essentially in-
trinsic fluorescence.

This result can be compared to those obtained for-
3d transition in metal magnetic compounds in emis-
sion measurements. It agrees with the fact that
Dy'+, being a rare-earth ion is well shielded against
perturbations due to impurities. Moreover it indi-
cates the very good quality of our crystal since, even
in rare-earth compounds, the impurity bands could
appear. "

The five most prominent lines in Fig. 1 can be at-
tributed to the various transitions starting from the
lowest sublevel of F9~2 of symmetry I"6 or I 7, down
to the various components (4I'6+3I"7) of H~3g2 split
by the crystal field in D2d symmetry, which is the
symmetry point group of Dy'+ in DyPO4. In the ab-
senc'e of magnetic field, we determine the selection
rules in the local symmetry point group D2q. This is
correct if we only consider zero-phonon, zero-
magnon lines. Then we expect four lines polarized
perpendicular to the S4 axis of the crystal (o ) and
three lines polarized both along and perpendicular to
this axis (na) (Table I).

For sake of simplification we mill label these lines
as A, 8, C, D, and E starting from the low-energy
side in Fig. 1 ~ The result of the analysis of the emit-
ted light in m and ~ polarizations is reported in Fig.
2. As can be seen from this figure most of these
lines show a very clear polarization either in o- or m

(except for the D line which is n a polarized).
As will be observed in Sec. II B this clearcut polari-

zation extends well over the pseudo "superfine"
structure related to the interaction of a Dy + ion with
its four nearest neighbors, each level corresponding

TABLE I, Polarization of transitions in DyPO4 without
applied field (point symmetry D2&).

Pol. Q

Pol.

I

17260
g(cm )

I

17340
I

$7420

FIG. 2. Polarized emission spectra in e and cr polariza-
tion. T =1.S K and H =0. Monochromator bandwidth
ao =3 cm-'.

to a type of Dy'+ site being surrounded by a particu-
lar arrangement of the spins of its four NN.

Another point, which is worth noticing here, con-
cerns the fact that the emitting level was optically
pumped via multiphonon relaxation from a vibronic
level situated above the F9j2 state. This explains
why, alt/ough the pumping beam was fully rr polar-
ized, both Kramers doublet components are pumped,
whether they should be excited by m and cr lights.
This is related to the very fast and efficient relaxation
which completely destroys the polarization of the
pumping beam.

8. Analysis of the results of the
Zeeman effect on the D line

As has been mentioned previously, the D line
turns out to be both m and cr polarized. As we show
in this section, this feature is quite favorable for a
complete study of its properties under magnetic field.

1. NN Ising model

In order to understand fully the behavior of the D
line in zero field and below or above the critical field
which was shown to be' H„=S.2+ 0.2 kOe at 1.S K
we must first recal1 the various fields and interactions
which act upon the electronic levels of a Dy'+ ion.
%e will consider here firstly the pure NN Ising model
and secondly the corrections to this model which ap-
ply both in the antiferromagnetic and in the spin-flip
phase. Part of the arguments which we develop here
follow those of %right et al. ' with a few modifica-
tions. %e will therefore show that they are still valid
in the interpretation of the fluorescence experiments.

In the absence of any external magnetic field, at
1.5 K, the system orders in the antiferromagnetic ar-
rangement of the spins. This ordering corresponds to
the Hamiltonian acting upon the ions of DyPO4. In
the NN Ising model, the spin Hamiltonian for an ef-
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fective spin S = —is written"
2

, ~o.~t* ~

i~NN S

where the sum is restricted to the four nearest neigh-
bors only.

In the antiferromagnetic phase, we must consider
two different sublattices. The first one is made up of
all the ions with their spins in the same direction as
the concerned Dy3+ ion. It will be labeled by the in-

dex 1. The second one which involves all the other
ions will be labeled by 2.

Considering Levy's work" and since the ground
state of the Dy + ion is a pure J, = + —state, we use

15

an Ising Hamiltonian for the ground state of the crys-
tal. ' We use the hypothesis that the interion interac-
tion is still represented by an Ising Hamiltonian in
the excited states. This shall be verified for the stud-
ied levels. Then, the scheme we use for DyPO4 is a

molecular field one, which is justified in an Ising
model since in this case there is no dispersion of the
excitation in the Brillouin zone, which we shall verify
later. The Hamiltonian (I) is responsible for the
pseudosplitting of all the lines in the polarized ab-
sorption spectra into five components corresponding
to sites having different arrangements of the four NN

spins around the Dy'+ ion (Fig. 3).
At low temperature, and as far as the ground state

is concerned only the levels of sites having antifer-
romagnetic or ferromagnetic (above H, „) arrange-
ments are populated.

Corrections to this crude NN Ising model can be
introduced by considering the effective fields acting
upon the central ion, due to all the other spins (ex-
cept for the four NN) of both sublattices. If now, we

consider both the exchange and the magnetic dipolar
interactions (respectively, e and d) we can write the

correcting field in the antiferromagnetic phase as

@ld + +2d + + I e + +2e

Whereas, in the ferromagnetic (F) phase, the ions
of the second sublattice reverse their spins and. an
additional magnetic field must be introduced:

F 4H" = —mMp —Mop (3)

where Mp stands for the saturation magnetization of
the crystal and M~p for the demagnetizing field which
arises from the oriented dipoles present on the sur-
face of the crystal. The first term in Eq. (3) takes
into account the additional magnetic fields due to the
ferromagnetic ordering of all the spins in the lattice.
The field HF is sometimes called "discontinuity field"
because it appears rather abruptly at the magnetic
phase change and causes the lines to split according
to their g factors.

Whereas the demagnetizing field and the field
created by all the spins in the spin-flip phase will cer-
tainly contribute significantly to the observed effects,
the magnitude of the contribution of HA" [Eq. (2)] is

expected to be rather small if the crystal behaves ac-
cording to the NN Ising model. Various calcula-
tions'4 have shown that there is a partial cancellation
(up to the 5th neighbors) of the dipolar and ex-
change interactions for other ions than nearest neigh-
bors. This explains why the NN Ising model
describes DyPO4 so well. Nevertheless we will con-
sider these two corrections in the following and see
how they influence our experiments.

In order to analyze the results of our experiments
on the D line, we must consider Fig. 3 where we
have reported the various level schemes involved to-
gether with the optical selection rules for the transi-
tions which occur between the different levels of the
pseudo "superfine" structure.
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FKJ. 3. Level schemes and selection rules for the emis-
sion spectra corresponding to the D line in the antiferro- and
ferromagnetic phases (point symmetry group S4). The
discontinuity field has been omitted in these drawings.

2. Spectra under magnetic field

Without any further consideration than the number
and the relative intensities of the emission lines
which are nearly equal, we must consider that the ex-
cited states, being populated in m and a-, do not relax
significantly.

Keeping this important feature in mind, we could
derive from Fig. 3, the various schemes correspond-
ing to the behavior, under magnetic field, of the vari-
ous transitions involved in the experiments concern-
ing the D line (Fig. 4).

For DyPO4 in a magnetic field, the degeneracy of
the Kramers doublets I 6 and I 7 of Table I is lifted.
We then consider the perturbed D2q levels, the
singlets I'6 (spin up f and down j), 17(I and J) for
F9p and I'6(f and I), I'7(f and I) for Hty2. In Fig.

3 we report the selection rules for electric-dipole tran-
sitions between these sublevels in the case of the
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ZeroP
field

H &H„.H&H „Spin-
Antiferromagnetic phase flip phase

(& 9")PH

48
2

b
'4 0 5 8 10

spit tting of absorption band

w= 20986 cm-'

SJo+8J*

(9+9')PH
SJo+8Jo

= =(g-g)sH

8JO+8JO

-(g+ g')PH

SJO SJO

8J -8J'

(g-g')PH

8Jo-8Jo
-(g-If)sH

FIG. 4. Predicted behavior of'the emissions lines (m, o.)
as a function of an external magnetic field applied along the
S4 axis of the crystal. H stands here for the effective mag-
netic field fi.e., including the corrections to the Ising model
qu'oted in Eqs. (2) and (3)]. g and g" stand for the ground
and excited state splitting factor and P is the Bohr magne-
ton.

47420

17410

transitions I'6 7 I ~ 6 which are m 0. polarized. The
case of I 6 7 1 6 7 transitions which are o. polarized
can also be deduced from Fig. 3 if we only consider
the dotted arrows.

As quoted above, two different features can ex-
plain the relative intensity of the emission lines
under magnetic field.

The first one corresponds to the fact that the split-
ting of the excited state is very small, as we observed
in absorption and verified in emission. From the ex-
citation spectrum we determine the emitting level,
which is the lowest component of F9~2 at 20986
cm '. The splitting of its absorption band under a
magnetic field is shown on Fig. 5. From this and
since g 19.3 in the ground state' we deduce that in
the emitting sublevel of F9~2, g' and Jo are nearly
zero (Table II). Then 1.5 K is.not a sufficiently low
temperature to depopulate one of the concerned lev-
els.

The second feature would involve an interionic re-
laxation time much longer than the fluorescence de-
cay time vF, since the two lines issuing from a single
line in zero field correspond to two different types of
sites,

Due to some imprecision in the relative intensities
of the observed subbands, our experiments do not al-
low us to know which is the most important of these
two processes. Let us mention that, taking into ac-
count our signal-to-noise ratio and the very small
value of the excited-state g value which we calculate
in the following, we estimate that noticeable changes
in the relative intensities of the bands would be ex-
pected for magnetic fields larger than 80 kOe, which

17380

17375

&7325
I I i I I I

6 10
H

H (ItQe)

30

is far above our experimental possibilities.
An answer to this important question could possi-

bly be given by analyzing the intrinsic fluorescence
issuing from another emitting level with a large g
value. Under magnetic field it would then be possi-
ble, by considering the ratio of the intensities of two
lines corresponding to different ions, to estimate the
interionic relaxation time. However, it seems likely
that, in this system where both the exchange and the
dipolar interactions are so small, the relaxation time
v q is larger than the observed v F.

FIG. 5. Measured splittings under magnetic field above

H« for the 8, C, 8, and E lines. The light was unpolarized

and the resolution was 1.6 cm '. The upper part of the
drawing recalls the occurrence of the critical field as observed
through the splitting of the F9~2 absorption band. We indi-

cate H«and H«on both sides of H«.«i c2
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TABLE II. Pertinent parameters resulting from the study
of the D line. H(H

COMpvrEo CURvES

POLAR I ZAT ION

EXPERIMENTAL
CURVES

Qo =1.2 cm- 1

H& H,
CQMRUTEO CURVES

POL. TT

EXPERIMENTAL
CURVES

Qv -1.2cm-I

Jp =0.68 + 0.03 cm ' ( H &3/2) D

Jp =0.03+0.03 cm '( F9/2)

g =18.5+0.9 cm '( H&3/2)D

g =0.6+0.6 cm '(4F9/2)

I H, d + H „+H2d + H2, )~ 0.3 koe

Mp(calculated) = 1.25 kOe

Mop(measured) =4.4+ 0.6 k«

( MD p )&&h ( calcu lated ) = 5.23 kOe

17410

17410

noise Z

17420

17420

1J I
I

l l
l

I
l
'I

I \
\

I l

l
II II I II I I ~

17415

17415

~(cm )

Phase change occurring in about 1.5 kOe
H= 13.8 kCh

H (molecular field) = —5.9+ 0.5 kOe

Hd(dipolar field) = —2.36 kOe

H, „(exchange field in H~3/2) = —3.5+0.5 kOe

FIG. 6. (a) Comparison between the observed details of
the D-line emission under magnetic field below and above
H,„, with computer calculation using equations in Fig. 4:
T =1.5 K and o. polarization. (b) Observed evolution of the
D-line emission under magnetic field below and above H«.
T =1.5 K and m polarization. The horizontal units are cm '.

3. Determination of the g and Jp factors

In all the cases (H = 0, H ( H„, H )H„), the
number of the observed lines agrees with the predict-
ed one in Fig. 3. The zero-field experiments give rise
to two doublets either in n. or o- polarization as can
be seen on Fig. 6. They correspond (Fig. 4) to the
sum and the differences of the splittings of the
ground and excited states by the Jp, Jp factors and
H"". At this point we can get an estimate of the
correction which needs be made to the NN Ising
model, just by considering the line shape of the
zero-field bands. Actually, if we consider that the
ions are submitted to the additional field H"" then
we turn to the next drawing (right-hand side) which
describes the effect of an external magnetic field on
the D line. In the case where H"" exists it would

give rise to a small splittirig of each of these lines,
which can be predicted with the help of the g and g'
factors reported in Table II. Now, if we consider the
m spectrum, we estimate that the overall splitting of
two components under these two lines would be
smaller than 0.3 cm ', which leads us to the equation

IH'"I = IHld+H2d+Hle+H2el ~0.3 kOe,
which agrees with the value —0.27 kOe proposed by
Wright et al. ' derived from the temperature depen-

dence of the lines above, the ordering temperature.
Next, we consider the emission lines under a mag-

netic field H (H,„. We found both in m and o- po-
larization (Fig. 6) that the D components split into
four bands. We observed that, in the two polariza-
tions, the four bands have the same intensity. This
is in agreement with the predictions (Fig. 4).

For higher fields, H & 7 kOe, we observe two
bands (Fig. 6) as has been predicted (Fig. 4), both in
m and o- polarizatiori.

The pertinent parameters, i.e. , J(, , J(), g„and g',
have been extracted from the complete set of our ex-
periments. Some of these experimental spectra are
sketched in Fig. 6.

We first extract Jp and Jp from the n and o. spec-
tra at H =0, with a relatively good precision (Table
II). For g and g' we could have used the spectra at
particular values of the field like 3.2 kOe (Fig. 6) for
which we see four lines issuing from two lines at
H =0. In order to get a better precision we em-
ployed another procedure. We tried to reproduce the
observed curves in m and o- polarizations for H &0
by a computer calculation: we started from the real
bands at H = 0 and had them split and move accord-
ing to the equations reported in Fig. 4, with different
values of g and g' varying by steps. A best fit occurs
in the antiferromagnetic phase for both m and o po-
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larization for the g and g' values given in Table II.
We remark that the phase transition shows up as a
complicated admixture of both the antiferromagnetic
and ferromagnetic spectra [dotted curves in Fig.
6(a)]. It can be observed that the line shapes are
strongly distorted in the 4.7-kOe region, i.e., near the
critical field at 5.2 kOe. Except for a noticeable en-
largement, the 6.9-kOe curve reproduces rather
correctly the observed band. This means that, as far
as this kind of experiments is concerned, we estimate
that the phase change occurs in more than 1.5 kOe.
This result agrees with the fact that, in a crystal hav-
ing a nonzero demagnetizing field (determined by its
shape), we do not expect a definite value for the crit-
ical field but rather two values H,„and H„(Fig. 5)cr& Cf2

with a superposition of the two magnetic phases
between them.

Actually, the computed curves were calculated us-
ing a single set of parameters, without introducing
any -correction due to magnetization or demagnetizing
field in the spin-flip phase. The nearly spherical
shape of our crystaJ made us infer that the M~o term
in Eq. (3) could exactly cancel out the magnetization
of the ferromagnetic lattice.

The difference between the observed and calculat-
ed splittings for both the m and o- polarizations in the
spin-flip phase allow us to derive numerically the
value of the demagnetizing field MDo which critically
depends on the crystal shape and therefore is general-
ly estimated within large errors bars. In the present
case we use the parameters reported in Table II.

Combining the results in the m and o. polarizations
we obtained

0
3 ™oMDp = 0.8 kOe

We calculate Mao as Moo =4.43 kOe.
If our crystal had been of a pure spherical shape,

we would have obtained (Moo)„z„=5.23 kOe.
The introduction of this small "discontinuity field"

in the equations allows us to explain the complete set
of our experiments in the antiferromagnetic phase as
well as in the spin-flip one.

C. Experimental study of the splittings of the

A, 8, C, and E lines in zero field and
under magnetic field H ~ Hcf

Since the basic features of the NN Ising model
have been fully demonstrated through the detailed
analysis of the behavior of the D line, we now study
a few experimental results concerning the other lines
reported in Figs. 1 and 2.

As we already determined the essential parameters
(g" and Jo ) for the F9/2 emitting level, we were not
forced to repeat the complete set of experiments for
the A, 8, C, and E lines. Only two measurements
were necessary in the case of these transitions. Due
to the very small values of the parameters of the ex-
cited state we preferred using unpolarized light in or-
der to improve the signal-to-rioise ratios. This led to
the same results as if we had supposed that g' and Jo
were zero in the excited state. Then, by just consid-
ering the zero-field sp1itting of the lines and the mag-
netic splitting in the ferromagnetic phase we were
able to give the results reported in Table III.

The parameters concerning the A band turn out to
be very small and could not be measured from this
set of experiments. As for the 8 and C bands the es-
timate of the Jo parameters arises from the considera-
tion of the bandwidth in zero field since the splitting,

. cannot be clearly detected.

D. Spectroscopic attribution of
the A, . . . , Ebands

In the preceding we determined the g factors for
the various sublevels of 6H&3~2. From the g factors
and taking into account the polarization of the bands
we propose an attribution for the A to E bands.

Firstly, g is the largest (18.5) for the D level of
H]3/p. Then, we deduce that, ~ J, = + —, ) is part of13

the eigenfunction of H/3/2(D) in the D2q crystal
field. 'H&3/2(D) must then be a I'7 doublet, and the
D band being acr polarized corresponds to a I 7 I"7

transition. We conclude that the emitting level of

TABLE III. Tentative assignment of the various lines observed in the spectra. When a transi-

tion is mostly m (or o-) polarized we indicate a+co- (or a-+~n).

Line
Position
(cm-')

Observed
polarization

Assignment
with I'&

- Splitting
factors g

Jo
(cm-')

A

B
C
D
E

17 252
17221
17 380
17 417
17 436

0 +6&
7K+60
0 + 671'

n +acr

I"
7

l6
I"

7

I6
I'6

?
2.6 +0.3
5 ~ 12+ 0.5

18.5 +0.9
8.4 +0.8

~ 0.15
~ 0.20

0.68
0.35



1224 R. H. PETIT, J. FERRE, AND J. DURAN 23

F9/2 is a I"
7 doublet.

Since we know the irreducible representation of the
emitting state and taking into account the selection
rules in DyP04 we can attribute the A to F. sublevels
of H $3/2 to irreducible representations of the D qq

group in an unambiguous way (Table III),

koe which we measured is not very different from
the value of H, „ in the ground state H~q~, [ —6.31
kOe (Ref. 2)]. This small difference corresponds to
the fact that exchange interaction essentially depends
upon the orbital and spin momenta L and S.

E. Some conclusions concerning the
in~erion interaction

Keeping in mind the molecular-field approxima-
tion, it is interesting to estimate the Jo/g values for
all the sublevels of the H~3/q which correspond to
the A to E lines. For the C and 8 lines we can also
determine a maximum value of 0.04 cm ' for Jo/g.

We propose a conclusion deriving a constant
molecular field (exchange + dipoie —dipole) for all

the sublevels of HD/2 which is consistent with our
results. This indicates a molecular field equal to

8JO/g+HA"= —5.9+0.5 kOe

The minus sign corresponds to an antiferromagnet-
ic ordering, the molecular field being applied to a
central ion having an upward spin.

Considering the fact that the spin-spin interaction
is the same for all the sublevels of the H j3/2 state
split by the D2d crystal field we may try to get a more
precise insight in the molecular-field model. Actual-

ly, since the four ions surrounding the excited By +,

are in the ground state (g = 19.3) we can calculate
the dipole-dipole interaction from simple geometrical
considerations. Doing that, we found Hq = —2.36
koe for a central ion with an upward spin in the anti-
ferromagnetic ordering. We deduce the nondipolar
part which we shall attribute to exchange interaction
(in kOe) as

H,„=(8J /g +H ")—H = —3.5 + 0.5

which corresponds to an antiferromagnetic interac-
tion.

It is interesting to point out the fact that we get an
estimate of the spin-spin interaction for all the com-
ponents of H~3/2 since it is generally not possible to
reach this interaction for other levels of a J manifold
than the lowest doublet. '5 Although the theoretical
predictions concerning the value of this interaction in

the different components are not clear, at present,
our results allow us to conclude that the nondipolar
interaction corresponds to a first-order interaction in

S;S& (S being an effective spin) and that it does not
depend on the crystal field. This allows us to elim-
inate virtual phonon exchange and electric multipole
interactions which should be of second order for Kra-
mers ions. " That is why we attribute the nondipolar
part of the interaction to exchange interaction.
Moreover we can remark that the value of —3.5 +0.5

IV. CONCLUSION

Polarized fluorescence experiments have allowed
us to get a new insight in the three-dimensional NN

Ising model proposed for DyP04. Despite the very
low quantum efficiency of fluorescence (10 9) lead-

ing to a much lower signal-to-noise ratio than in the
standard absorption experiments, we have been able,
through high resolution spectroscopy to fit nic'ely the
Ising model to a complete set of experiments both in
the antiferromagnetic and spin-flip phases. The devi-
ation to the pure 3d Ising model, which involves the
dipolar and exchange interactions with the other ions
than NN, could be shown to be very small in agree-
ment with previous studies performed through ab-
sorption spectra.

Two circumstances were recognized as very favor-
able in the course of these experiments: First, the
fact that the excited state population did not relax
significantly among the pseudosplit sublevels.
Second, the fact that our experiments were per-
formed with a very good quality crystal which
displayed a very pure intrinsic emission spectrum.
These two factors, interplaying together, are probably
necessary in order to be able to draw out well-defined
information from this kind of experiment.

Under these conditions, we can say that our mea-
surements allowed direct estimate of the pertinent
parameters since it is not necessary to make extrapo-
lations. In the absorption experiments the extraction
of the parameters requires a temperature high
enough to give rise to the quintet structure which

may lead to some confusion when the different elec-
tronic sublevels lie in a smal1 wavelength range. In
our case we had not to choose which are the ap-
propriate bands and consequently our results are
unambiguous.

Measurements with the cw laser and time averag-
ing of the spectra allow us to claim reasonably that
we do not need the corrections suggested by E/lis
et al. 2 to the first model and that we agree with the
predictions of Wright' for the transitions which we
have studied.

Although our emission spectra show a large
number of lines, we were unable to attribute definite-
ly any of these lines to magnon sidebands which, in
this material, should be found at a few cm ' from the
corresponding excitonic bands. Due to the rather in-
tricate spectroscopy of the Dy'+ ion and to the com-
plicated behavior of most of the lines under magnetic
field, we do not think that a technique similar to
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Belorizki et ai. ' could provide a definite answer to
the existence of magnon side bands in our crystal.
Anyway we observe no line disappearing in the spin-
flip phase as should have been the case for a magnon
side band. This seems to confirm the results of
%right' who observed no magnon side band in

DyPO4 absorption spectra. Our results agree also
with those of Ellis et al. ' who claimed that they ob-
served no line disappearing under magnetic field
from which we can conclude that they did not ob-
serve any magnon. sideband in their spectra.
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