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Cd3+ EPR PROBE OF THE DETZRWNATION OF THE VALENCE STATES+

C. Y. Huang*

*LOISAlamos Scientific Laboratory, Los Alamos, NM 87545

A3STRACT

The theory of the Gd3+ probs EP!ltechnique is reviewed. This
technique has been enployed to iilves ti~ate at 9.2 CHZ the Gd3+ HPR
in 0.1 at. Z CdS in TQS, 1 at. % GdTe in T.zTe,and 1 at, % CdSe jn
‘IMe. From the temperature de?enderice of the Gd3+ EPR linewidth,
we hale concluded that Tm in TmS is t~-ivalentwith a singlet-Uround-
state. The temperature variatinn of the Gdg+ line~jdth in ~Te has

been interpreted in terms of the “delocalization” of the extra elec-
tron “localized” around Cd?+. Fram the lfnewidth and g-value data,
we have ahuwn that Tm ?n TmTe is divalent. The linewidth and the
g-value of the &is+ resonance in ‘lMe have been found to be inde-
pendent of temperature. These striking results have been explained
in terms of the “motional narrowing” effect attributed to the inter-
configurational fluctuations of Tm in TmSe.

INTRODUCTION

There has been much interest in recent years in the study of
the val nce states of the thulium ions in thulium monochalcogen-
ides.l-~ In this pa er we report our results for “l’’mSe,TmS and TmTe
determined by the Cd5+ impurity EPR (electron par~ma~netic resonance).
It has been shown that TmSe i~ an ur’usualmixed-valer~ce-stat{?mate-
rial. According to Rcfa. 3 and 5, the thulium ions in TmSe are

+
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predominantly trivalent; the M6ssbauer results have reJeaJed2 that
the correlation time of the in?erconfigurational fluctuations be-
tween the Tm2+ and Tn#+ e?.ectronic configurations falls within 10-10

10_12 second. on the other hand, from their reflectivity data,
Batlogg, et 81.6 concluded that the interconfigurational fluctuation
floesnot exist in TtnSe. However, the valence states of the Tm ions
in TmS .nndTmTe are definitr.. From the lattice-constantl and the
susceptibility measurements, Bucher, et al.3 have detemined that

the Tm tons in TmS are almost trivalent, sad.from the optical and
photoemission experiments, Suryanarayanan, et all+have concluded
that Tm in TmTe is essentially divalent.

Since l’msc,TmS and TmTe are all cubic with the Na[;lst.ructure,3
10 the cubic crystal.-in comparison with the rare-earth monopnictides,

fielflis expected to split the Hund’s rule ground-state of !hn~+ (J=6)
into various crystal-field states. This expectatlan 111sled to
several unsuccessful attempts3 to measure the crystal-field split-
tings in these compounds by neutron scattering, a technique which
was successfully applied to rare-earth mon,opnictides.ll According
to these obsen’ations and the wide disparities between estimates af
the Tm2+ and Tm~ concentrations, it is evident that the t.huljum
monochakop,enides form one of the most unique series of compound~
far u~e fn the study of unstable ~$lence systems. Encouraged by the
successful applications of the G..1 probe EPR technique in the study
of the cr stal-field and exchznge ef~ezts ic thulium monochalcogen-

5ides,l2’1- Irnurfty HPR in TmS, TmTe,We have invsstigatec! the Cd;+ .

and Trfie. Our results14 have confime? :?:?:Tm is trivalent, di-
valent, and rnixed-valent in TM, TmTe, and TmSe, respectively. Hence
this R13--probe technique can be used for studying the material with
mixed valence as well.

In the next two sections we will review the ~heories pertinent
to expla?u our experimental technique and data, and then will present
the experimental results concerning the valence states of Tm in our
Tm monochalcogenide samples.

In a recent paper, Sugawara, et al..have rcported]2 their stud-
ies of some singlet-ground-state system (Trn- and Pr - Eroup VA
intermetallic compounds). They obtained t:leexchange and crystal-
field effects of these systems by observing the paramannetic reson-
ance of dilute Cd~+ impurities used as a probe. (For succinctness,
we term this method the “Gd3* probe EPR tccllnique”.) In this Sec. ,
we will review the theories associated with this technique. A brief

discussion of the narrc)winR of spectral lines by motions will be
al::npresented.



A, g-Shift Due to Gc!-HostExchange

We considk] a Taramagnetic system in which there are dilute
Gd3+ impurities (probes). If the exchange interaction between a
Gd3+ ion and the Eurrcunding host magnetic ions Is isotropic, then
the HamiltonIan of the S-state Gd3+ is written

(1)

where the first and second terms represent the Zeeman and exchange
energies, respectively. g,,la the g-value of the isolated Gd3+ jon,
B is the Bohr magneton; ~.n~d~l represent the spin of G~+and the

—.

j-th host magnetic ion surrmml ng the Gd3*”ion in question, respec-
tively; and Jj is the exchange interaction coefficient of Gd3+ and t-he
j-th host ion. Hutchings, et al.15 have treated this problem, and
they have shown that che Gd3+ ion will exhibit a spin resonance with
a g-value shifted from go. As lcng as the exchange energy is small
com ared to the crystal-field st)littinga, the g-shift can be expressed

faa 2,13,?.5

Ag=(+h~QxcF,
t32

with

(2)

(3)

L&ye ;;.an: x ~ ere the Land& g-.:actorof the host magnetic ion and
$the crystal- ield-only isothermal susceptibility of the host, re-

spectively. When there are exchan~~~~tera.tion, between the ho~t
magnetic ions Eq. (2) is modified. However, for our purpose
Eq. (2) is a good approximation. Accordingly, the g-shift of Gd31
is proportional to the isothermal susceptibility of the host mag-
netic ion; and the exchange interaction coefficient J(0) can be
obtained if we measure the g-shjft of GC13+at zero temperature, and
if the isothermal susceptibility of the host, XCF, is known. TCI
date, Eq. (2) has been successfully utilized to interpret the tem-
per,~ture-dependent da~a of the wide varic!ty of paramagnetic hosts--
(TM nnd P monopnictides, lZ PrPb3, TmCd, PrIn3, and
pounds17~~&).

B. Theory of the Linewidth

In addition to the static mafmetic field, ~, a

PrAl~ com-

Cd3+ probe ion
also experiences the exchan,e fields ori~inating from the exchange
interactions between the cd5+ ion and its nei~hborjng host magnetic
ions. When the spins of the hont ions fluctuate, a fluctuating field
at the site of the (X3+ ion results. This fluctuating field gives
rise to an additional linewidth of the Cd3+ El?R. Moriya and 0bata19
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have Investigated this pmblm in detail. Thefr theory predicts
that the EPR linewidth of the vagnetlc impurity is proportional to
the auto-correlation fumtion of the spin fluctuations of the host
magnetic ion <S+(t)S~(0)>. They ,’oncluded that the linewidth is
approximately given ~y19s20

Here A is a proportionality constant, nnd XT
thermal and ieolar,ed susceptibilities of the

(4)

and xi~o arc the iso-
host magnetic ion,

respectively. (The isothe-kl susceptibility is (he-w,lsceptib~lj.ty
measured waler circumstar.ces where the magnt~tic system remains in
thermal equilibrium witi~ the lattice during the measured period.
This means that.the thermal populations of t!~evarious crystal-field
levels adjust themselves in a way according t(?the change in Boltzmann
factors as the energies of the levels change with applied static
magnetic field. The isolated susceptibility is that ❑easured when
the thermal populations of the levels do not chan~~e. The effect
measured is due to the change in wavefunctiuns, ant’hence the moments,
with the applied magnetic field, i.e. the poiarizati,~n effect..) In
case of the singlet-ground-state system, Eq. (4) sign.fiea that the
population fluctuation in the excited crystal-field staves of t:he
host nagaetic ions contributes t~ t!leline broadening of the Gd3+
probe. This means tk. we expect the l<newidth of Gd3+ illa slnglet-
ground-state system to ir,crease sharply as the temperature is raised
to the order of the crystal-fLeM splitting bo the firs~.excited
state o! the host magnetic ions: and if the temperature is hi}:!lcom-
pared to the overall crystal-field-sgllttlag, we expect the lincwidth
to be temperature independent. Since the isothermal and isolateii
susceptibilities are directly related to the crystal-field splittings,
the measurements of the EPR lin.ewidrhof Gd3+-can provide very useful
information about the crystal-field splittings of the host non-Kramers
ions. As demonstrated in Rel”~,12 ad .~3the crystal-field split-
tings in Tm and Pr monopnictides agree with those obtained by neutron
scattering. However, if the ground-state of the host magnetic ion
J.S magnetic, the Gd3+ probe linewidth is expected t.obe very broad
and nearly temperature-independent. Therefore, by studying the tem-
perature dependence of the Gr13+probe linewfdth we may determine
whether the ground-state of the host magnetic ion is miagnetic or not.
Therefore, this technique can be used to identify the valence state
of the host magnetic ions.

c. Motional Narrowing

Motional narrowing was first discussed In the classic paper
21

byBloembergeh, Purcell, and Pou~.d (Bpp). Anderson’s explanation22
of the phenomenon will be presented here. It ic clear that non-.
magnetic interactions cannot affect the magnetic resonance line
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directly. The magnetic interactions responsible for the linewidth
depend on the positions of the magnetic ions. Some non-magnetic
Interactions cause the actual random motions rJfthe ions, and the
magnetic interactions will then vary in time :.lLsome way controlled
by the ionic motions. As a result, the magnetic resonance llne ex-
periences a time averaged-effect of the magne-:i~ Interactions. When
the ionic motions are aufficicntl] rapid, thiu nverage effect may
be much smaller than othe~ise. Therefore the broadening effect of
the magnetic interactions is reduced; the remnance line is narrowed
end this in called motional narrowing.

Actually, before BPP, the phenomenon of c~change narzo~ing ~-as
di~cussed by Gorter and Van Vleck.23~24 Since the ❑echanism is in
principle the mme in both motional and exchmge narrowing, ve will
firot discuss the phenomenon of exchange narrowing in CUS04”5HZCI,
and then apply this result to oar case. In CUS(){}”5H20,there are
two inequlvaienc CU2+ sites in a unit cell. Consequently, there
are two g-values, gl and g2, and two corresponding resonance absorp-
tion lines. This spectnnn was obsemed25 at 30 GHz. However, when
the microwave frequency was lo%ered to 10 GHz, only one narrow line
was obsenred.25 This phenomena ❑ay be explained in the foliowing
classical language.

Sicce J/h where J is the ex,:hange ic~eraction coefficient be-
tween the spfns on sites 1 em< 2, my bs taken to he the rate at
which the resonant spin on sites 1 and 2 “exchange”. the
spins precess zt frequency g .&?o/hfGr ‘a

i
vhile and then at g2(3Ho/h.

If the rate at which the exc ange between these two Larmor frequen-
cies is faster than l~,m- x ISH /h, then :he line is “exchange. nar-
rowed”. 1?A th.eoretical”-mode ca culation appropriate to this problem
has been made by Anderson.22

The situation for TmSe is similar to this example. In TmSe, Tm
fluctuates between TJU2+and ‘1’m3+at the rate of ~ 1011 per sec.2
If gl and g are the g-values of the Gd3+ impurity probe when all

2til:.xurroun ing Tm are Tm2+ and ‘Lm3+,respectively, the fluctuating

: ;&:;:l ~y::fl
the Gd3+ g-value to fluctuate between gl and g2
per sec.) much faster than Igq - g 1(1~/h. In

‘this case, tli- line is “emotionallynarrowed” 1by tfieva ence fluc-
tuations, and a single narrow line is expected.

EXPERIMENTAL RESULTS

The powder samples 14 of TmS, TnTc, and TrnSedoped with Cd3+
were used in this investig~tion. They were prepared by a method
similar to that described in Refs. 12 and 13. All these samples

have the cubic NaCl structure,3 and hence the g-values are isotropic.
The EPR spectrometer used is a conventional one operating at 9,2 GHz.



... .-

6

A. ‘MS

Fig. l(a) di~],lays the temperature dependence on the Gd3+ EPR
Llnewidth of ().J. at. % Gds in TmS. The ~inewidth increase- with
temperature. Following our theoretical discussion in tht”last sec-
tion, this temperature dependence suggests that the Tm ions in %S
are trivalent with non-magnetic ground-staues.
in agreement with the energy level scheme pf Tm3Th;: ::c:;:::di:y

Bucher, et al.3 For Tm monopnictides,10~12~13 x = -1, where x is
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the crystal-field parameter as defined by Lea, Leask, and Wolf.
26

If we also assume x = -1 for TmS, the crystal-field level scheme of
Tm3+ is as depicted in the inset of Fig. l(a), and TmS is a singlet-

ground-state system. By fitting Eq. (4) with the wavefunct:ons pro-

vided in Ref. 26 to the data, we obtain the soiid CUR= in Fig. l(a)
with the crystal field splitting E(r4) - E(rl) = 15 t 3 K. This
value of the splitting is in close a~reement with that (16 K) esti-
mated by Bucher, et al.3 from their specific heat data. It is in-
teresting to note that there is no lioewidth anomaly near the N&l
tenperature3 of TmS (5.18 K) due to the critical slowing-down as is
Predicted and obsen?ed in the pure antiferromagnet. 27 The absence

of this
between

Fin. 2.

anomaly is attributed2B to the weak exchange interaction
Gd3+ and Tm3+.
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3+Fig. 2(a) de:~icts tnv “ ‘mperature dependence of the Gd- g-value.
The temperature dependen~; part of the f-value i. similar 10 those 0[

12) 3 Accordingly, the data ofother singlet-ground-state systems.
the ~-measuremen~ also support the idea that Tm in TmS is I.rivalent.
Using Eq. (2), we obtain the exchange interaction coefficient
J(o) R +0.74 t 0.07 K, in which the positive sign dcnot,es that Cd3+
and Tm3+ are ferromagnetically coupled.

B. TmTe

First, let us examine the consequences of the assumption that
‘h in TmTe is divalent. According to Lea, Leask, and Wolf, 26 ~hc

grouad-state 13 the r6 doublet and the excited states are the ry
doublets and the r~ quartet. Since the r6 ground-state is magnetic,

3?
and by us g Eq. (4) and the wavefunctions provided by Lea, Lcask,
and Wolf, the linewidth of the Cd3+ probe in TmTc ~s expected to
increase slightly with increasing temperature. Contrarily, as
shown in Fi~+ l(b), the data of 1 at. % GdTe in TmTe demonstrate
that the Gd linewidth decreases drastically from 5 Iito 40 K.
This surprising temperature dependence Is believed LO originate from
the presence of the “extra” eiectrorls contributed by the doping of
the &rivalent Gd ions into a host of the divalent Tm ions as rc-.
quired by charge co=pens?.tion. In zzzla~~~-t~ case16 of Gd3+ in
Sm~+ monochalcogenides, we assu=e tiw: theze fs an “extra” electron
localize6 around the Gd3+ ion ix a cubLcallY symmetrical orbital.
The presence of the “extra” eleccrcn cc~:r:%utes directly to the
exck:ge interaction between the Gd3+ ion and its surrounding Tm
;03s . This “ext=ai’exchange interac&icn in turn contributes to the
line broadening. At high temperatures, the “ex$$a” electron is de-
localized, resultjng in the reduction of the Gcl - Tm2+ exchange
interaction and, hence, giving rise to the decrease of the CC13+probe
linewidth. From the temperature dependence of the linewislth the
activation energy needed to delocalize the “extra” electron has been
estimated to be % 50 K.

According to Eq. (2) the t~per:~ture variatj.onof the exchange
interaction should be also reflecte,i in that of the g-value. As
shown in Fig. 2(b), the g-value alsu decreases with increasin~ tem-
perature. Utilizing Eq. (2), J(O) = 1.3 t 0.1 Kat T = 5 K.

Walsh, et al.29
~d3+

pointed out that the higher concentratio~ of
in Sm monochalcogenides could result in the delocalizatic~ of

the “extra” electrons and the decrease of the g-shift. ~Or this
reason we have investigated 3 at. Z GdTe in TmTe. As expected, the
g-shift obsemed has been found to be much smaller than that of the
1 at. % samples. In addition, the linewidth of our 3 at. Z samples
is nearly temperature independent, indicating that the ground-state
Of Tm2+ is magnetic. In order to fllrthersupport the idea of “extra”



electrons, we have measured the electrical conductivity It is
3 IIowever,all our Gd dopedknown that pure TmTe is a semiconductor.

samplea exhibit that the electrical conductivity decreases with in-
creasing temperatur.n, and hence they are metals. This obsemat.ion
suggests thut Cd are donors, and when the Cd concentration is high
enough, the sample becomes metallic.

C,.TnSe

The intexconfigurational flticcuationsof a % ion arises from
an interpl,a of conduction electrons ~ith the unstable 4f shell of
the Tm ion.30 Accordingly, wc expect the exchange interactions be-
kween a Gd3+ probe and its neighboring Tm ions, ~, to fluctuate in
addition tc,the valence fluctuations of Tm. Even though the detailed
nature of the exchange interactions is not knownp we would anticipate

that J fluctuates, more or less, at the same rate Qa that of the
viilence fluctuation of Tm. Consequently, in computing the linewidth
following the theory of Moriya and Obata,19 we should first calculate
the time auto-correlation function of the form :

<J(t) sj(t) J(O) sj (0)>,

where J(t) is the exchange interactic.n coefficient between, the Gd3+
ion and its j-th neighboring Tc ion at :tze c. At present, there
IS no coaputed res!:lt of this jc,ir.:auta–correlation function in-
cludinq the fluctuations of both .7ax! 5.. fiowever,according ta
t!le!fl%ss5azerdaca,2 the valsnc~ of Ta z~d hence S. fluctuate~ et
the rate31 of % 1G12 sec-~, $which is somewhat grea er than our micro-
wave frequency (9.2 x 109 see-l). Hence, it is reasonable to assume
that the correlation time of the joint time auto-correlation function
to be T= ~ 10-11 sec. In the paramagnetic regime, if the temperature
is not very close to the critical temperature, according to our data
presented above and those in Refs. 12, 16, and 18, the exchange g-
shift iS $ 0.4 go. Thus at our microwave frequency (9.2 CHZ), the
separation between a Gd34 line due to the infl~ence of Tm2+ and t:hat
due to Tm3+, lg2 - g116~~o/h~ iS on the or:er of 109 see-l. This
separation is much less than the fluctuation r~te of % 1011 see-l.
In this extreme “motj.onal narrowing” case, based on our discussion
presented in the last section, the resonance absorption is expected
to be z narzow line. This is exactly what was observed. FiR. l(c)
shows the linewidth data for 1 at. % GdSe in TmSe. The linewidth is
temperature independent within our experimer,tal accurocy and is only
~ 350 Gauss. This narrow linewidth is believed to be partly due to
the zero-field cplitting of the S-state Gd3+ (S = 7/2) and partly
due to the Ck13+- Gd3+ dipole interactions. Fig. 2(c) depicts our
g-value data from 5 K to 40 K. Within our experimental errors, the
g-value is independent of temperature, and is 1.92 f 0.02. This
g-value yields that the g-shift, Ag = -0.07, where the minus sign



10

indicates that the Cd3+ probe is “couplcd” to the neighborin~ Tm
Ions antiferromagnetically.

It i~ evident that the application of the Cd3+ probe EPR tech-.
nique to the study of mixed-valence system is still at an early
stage and much more work has to be done in order to undersr.and the
physics associated with the technique with confidence. Several
problems of interest are: (1) The t]$ory of the fluctuntjn,: ex-
change interaction, J(t), between Gd and the fluctuating host
magnetic ion. (2) The theory of the joint auto-correlation function
including J(t) and S (t).

1
(3) The theory of the zero-field split-

tin of Gd3+ in a va ence-fluctuating host.
$

(4) The theory of the
Gd3 probe lineshape and linewidth, including the effects of con-
duction electrons.
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