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The present investigation deals with the metallic system TmH2. Susceptibility measurements of
pure TmH2 indicate that the major component of the susceptibility is the Van Vleck or polarization
susceptibility of the Tm ions over a rather large low-temperature range up to about 30 K. However,
superimposed on this susceptibility is a Curie-like contribution due to the presence of a small per-
centage of Tm atoms with a magnetic ground state. Their origin is intrinsic, due to vacancies or in-

terstitial occupation of the H atoms. The ESR of rare-earth impurities (Gd and Er) diluted in the
matrix TmH2 is used to probe the magnetic behavior of this metallic singlet ground-state system.
ESR measurements at X-band frequency and at low temperature {T& 35 K) have been carried out
on powder samples of Tml Gd„H, (with the Gd concentration in the range 0.001—0.01) and on a

Tm099Ero 0/H2 sample. The observed resonance characteristics (g value, linewidth) of the Gd and
Er impurities show a much more complex behavior, with temperature and impurity concentration,
than that previously observed in thulium and praseodymium monopnictides. We have considered
the effects of the exchange interactions that couple the impurities both with the thulium host ions
and with the conduction electrons of the host matrix, extending the Hasegawa description of the
spin dynamics of a metallic system to the present case of three coupled spin systems. We analyze
and discuss our experimental results within such a theoretical framework where the main physical
information deduced is the following. (a) For both Er and Gd, the impurity-Tm exchange interac-
tion is negative, corresponding to an antiferromagnetic coupling; (b) the spin-dynamical regime of
the Gd —conduction-electron system is a regime of partial bottleneck; (c) from a linewidth contribu-
tion increasing exponentially with temperature we obtain an energy smaller than what is expected if
it is attributed to the relaxation induced by the population of the first Van Vleck Tm excited state;
(d) the temperature and concentration dependence of the Gd g value show unusual results indicating
a complex behavior in the spin dynamics.

I. INTRODUCTION

Similar to other rare-earth (RE) and rare-earth-like
dihydrides, TmHz has a face-centered-cubic CaFz struc-
ture. However, its low-temperature magnetic properties
differ from other magnetic rare-earth dihydrides, as it has
a singlet ground state. Therefore at low temperatures it
is a weakly coupled Van Vleck (VV) paramagnet. ' This
was first shown by Burger et al. from resistivity measure-
ments. Recent susceptibility, NMR and neutron-
diffraction experiments have confirmed that the ground
state is indeed a singlet.

In this work we studied the electron spin resonance
(ESR) of Gd impurities in Tm| „Gd H2 with x=0.001,
0.005, and 0.01 and of Er impurities in Tm, Er Hz
with x =0.01. These impurities replace the Tm and
therefore, their crystal electric field has a cubic symmetry
with eight tetrahedral hydrogen nearest neighbors and 12
Tm next-nearest neighbors. The ground state of Er in the
rare-earth-like dihydrides ScHz and &Hz was found to be

a I 7 doublet and therefore its ESR line, due to the cubic
environment, is isotropic. Accordingly, we expected,
and indeed found, that Er in TmHz would have a I 7

ground state. As for Gd, due to its interaction with the
conduction electrons, its S7/z ground state ESR spectrum
is exchange narrowed into a single line. Thus the ESR
of these two impurity atoms will be mainly influenced by
their exchange interaction with the conduction electrons
and with the magnetic Tm atoms ' and can be investigat-
ed even in powdered samples. The exchange interaction
will create an internal magnetic field that will affect the
position of the resonance line known as the g shift. It will
also affect the relaxation time of these ions that is ob-
served via their linewidth.

In Van Vleck systems the susceptibility g per mole can
be expressed as the sum of two contributions'

2J+ j

+1&ilJ. lt & I'iT~P(i),

6022 1991 The American Physical Society



43 ESR OF Gd AND Er IMPURITIES IN THE METALLIC VAN. . . 6023

with the Boltzmann statistical weights:

P ( i) =exp( E,—/k~ T)
2J+1

exp( E—, /k~ T) .

The first term within the brackets is the VV-like contri-
bution and the second term is the Curie-like term. For
Tm, J=6, and the ground state for TmHz was found to
be a singlet I z with the first excited state, a triplet I ~,

located about 170 K above it. At low temperatures,
only the ground state is occupied and therefore only the
VV term will contribute to the susceptibility. In this tern-
perature region, g is temperature independent. Above a
certain temperature the excited states will start to popu-
late and both terms will contribute to the susceptibility. '

The ESR of Gd in Van Vleck systems has been report-
ed in the pnictides PrX and TmX where X=P, As, Sb,
and Bi~

' In these compounds large g shifts were ob-
served and found to be a linear function of the suscepti-
bility of the host compound (when the temperature was
varied) implying that the g shift is due to the exchange in-

teraction between the Gd and the rare-earth ions. At low
temperatures (when only the singlet ground state is occu-
pied), the spin-lattice relaxation of the Gd induced by the
host atoms is zero. However, at higher temperatures
when the excited states start to be populated, the host
atoms will induce a spin-lattice relaxation via the Tm-Tm
or Pr-Pr exchange interaction. ' In this temperature re-
gion a rapid increase of the linewidth with temperature is
observed; it is nearly exponential when plotted as a func-
tion of 1/T. This is due to the Boltzmann factor that
governs the population of the excited state. A similar
ESR behavior is expected for rare-earth ions with a dou-
blet ground state interacting with the VV host rare-earth
ions. However, very little has been published on this
matter. The only work we are aware of is the ESR of Nd
and Yb with a I 6 doublet ground state in a few VV pnic-
tides at T=1.8 K, where significant g shifts were ob-
served. As no temperature dependence of the spectra
was included in this report, it was not possible to obtain
information on the g shift and linewidth behavior at
higher temperatures.

The interaction with the conduction electrons should
lead to a g shift that is proportional to the strength of the
exchange interaction and the density of states of the con-
duction electrons, and a linear thermal broadening due
to the Korringa mechanism. ' This simple behavior is
expected for the so-called unbottlenecked case where the
conduction spin-lattice relaxation rate is large compared
to other relaxation channels. However, as shown by
Hasegawa" other possible situations may occur due to
the exchange of magnetization between the impurity spin
system and conduction-electron spin system. This ex-
change of magnetization is effective when the g values of
both systems are close, and can lead to a partial or a com-
plete bottleneck state. The average g value of the spins
of the conduction electrons is about 2. For Er, in cubic
symmetry with a I 7 ground state, g=6.77, and therefore
no bottleneck is expected. In contrast, the g value for Gd
is 1.993, and therefore a partial or a full bottleneck can

occur that influences the ESR spectrum. The magnetiza-
tion of the impurity system is proportional to the Gd
concentration, and therefore a change in the bottleneck
conditions is obtained when the Gd concentration is
varied. Korringa relaxation in the pnictide VV system
was not reported; ' it could be either that the linewidth
broadening was too small or that the broadening induced
by the rare-earth host ions interfered with the observa-
tion. Korringa broadening was observed for Gd in the
VV system PrIn3.

In this work we show that the points discussed above
have to be taken into account when analyzing the experi-
mental results. We found that although the Er ESR re-
sults can be analyzed in a straightforward way, the Gd
results are more complicated. In addition, we found that
it was not possible to obtain a stoichiometric TmHz com-
pound, as a small percentage of the Tm atoms had a mag-
netic moment at low temperatures. This could affect the
ESR behavior in particular for the Gd case.

In the following, we will first describe the sample
preparation and the experimental setup, followed by the
experimental results. We will then introduce the theoret-
ical part needed for the analysis. The discussion of the
experimental results is presented in the last part of our
work.

II. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The compounds of Tm doped with Gd or Er were
prepared in an arc furnace. A 3 at. % Gd master alloy
was used to prepare the Tm& „Gd compounds
(0.01)x) 0.001). The concentration was reduced by al-
loying it ~ith pure Tm in the proper ratios. The
Tmo 99Eroo, alloy was prepared by melting the two ele-
ments in one stage. The purity of the elements was
99.9go.

The hydrides are prepared by direct pressure absorp-
tion of hydrogen at about 600'C. At this temperature
the H atoms occupy essentially the two available
tetrahedral interstitial sites per Tm atom, but there is also
possible formation of a H solid solution within the octa-
hedral sites. For this reason one has to subsequently out-
gas the hydride at a lower temperature (-=550'C) under a
low pressure (—= 10 Torr); under such conditions the
system Tm-H is stable for the dihydride and unstable for
the solution of H in the dihydride. '

We carried out a series of ESR measurements at X-
band frequency (f—=9.2 GHz) on powder samples, study-
ing the resonance spectrum as a function of temperature
in the range 4—40 K. In our experimental setup the tem-
perature is fixed by means of a helium-gas-Aow cryostat
(Oxford Instruments) which enables one to vary the tem-
perature T continuously from liquid-helium temperature
up to room temperature. A standard field-modulation
technique is used so that the detected signal corresponds
to the field derivative of the absorbed microwave power.
Our ESR experimental results will be described in the
next section.
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III. EXPERIMENTAL RESULTS B. Description of the ESR results

A. Susceptibility of TmH2

Figure 1 displays the measured magnetic susceptibility
y(T) of a TmHz powder sample, where y(T) represents
M(T)/H (the magnetization M(T) having been measured
in the constant field H=5 kOe with a vibrating sample
magnetometer). g(T) is seen to increase with decreasing
temperature from T=300 K down to about 40 K, below
which it flattens out except for the presence at very low
temperatures (T & 10 K) of a small Curie-like component
which will be discussed below. The nearly constant low-
temperature y(T), as taken at T=20 K, is found to be
=-0.067 emu/mol or 2.76 X 10 emu/cm . This may be
attributed to the low-temperature Van Vleck susceptibili-
ty of the singlet ground-state Tm ions. The plot of 1/g
versus T, which is also shown in Fig. 1, gives in the high-
temperature range a mean slope corresponding to a mag-
netic moment of =-(7.7+0.3)pz, i.e., a value very close
to that of a free Tm atom.

As previously mentioned, at very low temperatures
( T & 10 K), a Curie-like component is evidenced in y( T);
this component is likely to be related to the presence of a
small concentration of Tm ions having a magnetic
ground state. The estimated concentration of these mag-
netic Tm ions is of the order of 1 at. %. Their origin is
most probably related to a stoichiometry problem, the ex-
act H concentration y being perhaps slightly different
from the value 2: for instance, the presence of a small
concentration of octahedral H atoms (in excess of 2) may
change the local symmetry of the Crystal Field and thus
lead to a magnetic ground state; if y is slightly smaller
than 2, then there may be also a small fraction of Tm
atoms having magnetic properties.

As mentioned before, we carried out a series of ESR
measurements at X band on powder samples, studying
the resonance spectrum in the low-temperature range
(T& 40 K). The samples studied, containing diluted
rare-earth impurities, are the following: (i) for TmH2
with Er impurities we looked at a Tmo 99Erp p&H2 powder
sample; (ii) for the Tm, Gd, Hz system we studied sam-
ples corresponding to three different Gd concentrations
x: x =0.01, 0.005, and 0.001.

For the samples studied, the resonance data to be
presented and discussed in the following concern the g
factov (deduced from the field for resonance H"" through
the condition co =yH"', where y =gpz /h is the
gyromagnetic ratio of the precessing moments) and the
linewidth AH (AH=1/yT2 when the linewidth origi-
nates solely from an intrinsic relaxation mechanism of
the transverse magnetization). The quantities H"" and
AHpp have been derived, respectively, from the fie 1d Ho
(intersection of the signal with the baseline) and the
peak-to-peak linewidth EHpp after a correction relevant
to the observed A /B value. These corrections have been
made assuming they are the same as the ones expected
for a Lorentzian line shape corresponding to the same
3 /B ratio. The correction factors, needed to extract the
true resonance parameters, are a unique function of the
3 /B ratio and they have been previously tabulated' for
the case of an intrinsic Lorentzian line shape.

(i) Fr impurities The varia.tion with temperature of the
g factor and of the linewidth AH for the Tmo 99EIOO&H2
sample is displayed in Fig. 2. It is first to be noticed that
the g value observed for the Er resonance line indicates
that the ground state of the Er + ion, in the TmH2 cubic
host, is a I 7 Kramers doublet. More precisely, if we refer
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FIG. 1. Variation with temperature of the magnetic susceptibility y of TmH2 (left scale) and plot of 1/g vs T (right scale) where
the slope of the dashed line in the high-temperature range gives a magnetic moment of =—7.7+0.3pz per Tm ion. Inset: Crystal-Geld
energy-level scheme adopted for Tm ions on sites of cubic symmetry in TmH2 as obtained by Winter, Shaltiel, and Dormann (Ref.
3).
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FIG. 2. Variation with temperature of the g value and of the
linewidth for Trnp 99Erpp&Hz. The solid line through the data
points is a guide to the eye. The low-temperature linear in-
crease (dashed line) of the linewidth corresponds to a slope of
4.2 G/K.

FIG. 3. Variation with temperature of the g value and of the
linewidth for Tmp 99Gdpp]H&. The solid line through the data
points is a guide to the eye. The low-temperature linear in-
crease (dashed line) of the linewidth corresponds to a slope of
1.1 G/K.

the observed Er line position to g=6.77, the g factor of
Er for a I 7 ground state in a cubic environment, we see
that the observed value at T=4.2 K (which is
g=6.55+0.03) corresponds to a negative g shift
Ag = —0.22. The g factor is weakly temperature depen-
dent, tending to decrease with increasing temperature in
the high-temperature range of measurements (T) 24 K).
Concerning the temperature variation of the linewidth
one may note the following: it shows a linear increase
with temperature, in the range 4—13 K, with a slope of
4.25 G/K (see the dashed line in Fig. 2); a much more
rapid increase is seen at higher temperatures. This rapid
increase of the Er linewidth is likely to be associated with
the relaxation mechanism of the rare-earth impurities
discussed in the Introduction, namely, the exchange-
induced relaxation of the impurities by the Tm host-ion
spin fluctuations. These Er resonance results will be dis-
cussed and analyzed in Sec. IV. Finally, it is worth men-
tioning that in pure TmH~ (with commercial, 99.9% pure
Tm) an Er resonance line may be observed due to the
presence of a small concentration of Er impurities
(x (0.001): the resonance results are very similar to the
ones reported above for the x=0.01 sample, indicating
that the Er resonance characteristics are not very much
Er concentration dependent.

(ii) Gd impurities The variation w. ith temperature of
the g factor and of the linewidth AH for the three
different Tm& Gd Hz samples studied is displayed in
Figs. 3, 4, and 5 for, respectively, the Gd concentrations
x=0.01, x=0.005, and x=0.001. It may be noted at first
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FIG. 4. Variation with temperature of the g value and of the
linewidth for Tmp 99Gdp pp5Hp. The solid line through the data
points is a guide to the eye. The low-temperature linear in-
crease (dashed line) of the linewidth corresponds to a slope of
4.25 G/K.
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300 IV. ANALYSIS AND DISCUSSION

TITl p A. Theoretical framework

260— The crystal-field Hamiltonian for rare-earth (RE) ions
in a cubic Geld has the form'
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FIG. 5. Variation with temperature of the g value and of the
linewidth for Tmp 999Gdppp&H2. Within the temperature range
of measurements the linewidth increases linearly with tempera-
ture (solid line) with a slope of 7.15 Ci/K.

that the Gd resonance characteristics and their tempera-
ture variation depend substantially on the Gd concentra-
tion. It is observed that, in the low-temperature range
(typically from 4 to 15 K), the linewidth increases linearly
with temperature. It is a qualitative feature common to
the three samples, but it is found that the slope of this
linear temperature variation is concentration dependent,
increasing with decreasing Gd concentration (rising from
1.1 G/K for x=0.01—7.1 G/K for x =0.001). At higher
temperatures (typically T) 15 K) the linewidth increases
much more rapidly than linearly with temperature. This
nonlinear temperature-dependent contribution to the
linewidth is to be associated with the relaxation of the Gd
impurities by the Tm host ions.

Concerning the g values, one may refer the observed
Gd resonance line positions to g=1.993, the g value of a
Gd + ion in an insulating material. Then the following
points may be stressed from our experimental results. At
the lowest temperature (T=4 K), the observed g value
corresponds for the three Gd samples to a negative g
shift, as in the Er impurity case, but its absolute value is
found to be Gd concentration dependent. Another im-
portant qualitative feature is to be pointed out: a sub-
stantial temperature variation of the g factor is observed
within the temperature range of measurements. It corre-
sponds to a monotonic increase of g with increasing tem-
perature, a phenomenon evidenced for the three different
samples.

cF(J) B404(J)+B606(J)

where 04(J) and 06(J) are the equivalent operators of the
4th and the 6th degree, respectively', B4 and B6 are the
crystalline parameters of the fourth and sixth degree, re-
spectively. J is the total angular momentum of the rare-
earth ion. The wave functions and energy levels of the
2J+1 states were calculated and tabulated as a function
of two parameters W and x, by Lea, Leask, and Wolf'
(LLW), where B4=8'x and B6=W(1—~x~). The tem-
perature dependence of the undoped TmHz was measured
by Winter, Shaltiel, and Dormann, who found that at
low temperatures, up to about 30 K, the susceptibility
was constant, indicating that the ground state is a VV
singlet. Fitting the susceptibility to the calculated values
of LLW and Eq. (1) they obtained the energy scheme for
Tm, shown in Fig. 1, with x=0.53 and 8'= —3.905,
where the ground state is a I 2 with a 1 5 (Ref. 2) triplet
state 170 K above it. At low temperatures Winter, Shal-
tiel, and Dormann found a small Curie-like contribution
attributed to the presence of a small percentage of Tm
ions with a magnetic ground state. Our measurements of
the susceptibility of an undoped TmHz sample show simi-
lar results (Fig. 1). Again a small additional Curie-like
contribution is observed; they are attributed to 1 at. ~o
Tm atoms with a magnetic ground state.

In this work we have used the ESR of Er and Gd im-
purities as probes to investigate the magnetic properties
of the host TmH2 metal. The spin Hamiltonian & with
spin SI for Gd or Er impurities in TmH2 can be ex-
pressed as the sum of several terms:

~Z +~ITm+~I CE &

where &z is the Zeeman term, &IT is the isotropic ex-
change interaction between the impurity spin SI and the
Tm spin ST, and similarly &I cE is the exchange interac-
tion of the impurity spin and the spins of the conduction
electrons. Specifically, we can write

~Z gII B(H I )

where gi is the isotropic g value and H is the external
magnetic Geld.

&IT =PIT +SIST,=.(gIT 1)cfIT g(SIJT,—),
J J

where STm and JTm are the spin and the total angular
momentum of the Tm ion respectively, and dI T is the
exchange-interaction constant between the impurity ion
and the Tm ion. The sum is over the Z=12 Tm nearest
neighbors. gJ T is the Tm Lande g factor.

where (s) is the average spin of the conduction elec-
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trons, and SJ cE is the exchange-interaction constant be-
tween the impurity ions and the conduction electrons.
Higher-power spin terms due to the crystal-field contri-
bution are not included: in Er with a doublet I 7 ground
state, these terms do not occur; in Gd they are neglected
as the interaction with the conduction electrons averages
out the various transitions into a single line.

The effect of the exchange-interaction terms is to
create an effective internal field that will shift the position
of the resonance line and give an effective g value
different than gI. The difference between these two g
values is known as the g shift, bg.

The conduction electrons in the molecular-field ap-
proximation will induce a g shift, hgI cE.

1/'T,

R Impurities ——————~ Tm ions
(g) ~———————— Plan Vleck)

-1% Tm ions
(magnetic)

i1/T...CB,l

Conduction Electrons
(cE)

R impurities in TmH 2

bgJ, CE gII. (g J,l ) gJ, I ))~I,CEP(EF ) (7)

where P(EF) is the density of states at the Fermi level and

gJ I is the impurity Lande g value. Similarly the ex-
change interaction with the Z Tm nearest atoms will in-
duce a g shift:

bgI Tm gI I (gJ I 1 ) /g J I f I. (gJ Tm 1 ) /g J Tm ]Z

X 8J TmyTm/(PBN~ ),

PENT,

,
I

I

I

12'T,
I

I

Lattice
(L)

1/TJ = 1/TJ CE+ 1/TJ Tm+ 1/Tr, L (10)

The relaxation rate to the lattice 1/TJ I (via phonons)
can be neglected in the temperature range where our
measurements were carried out. This is well known, and
was also confirmed from our measurements of the
linewidths of Er or Gd in LuH2 which showed that
1/TJ L is negligible with respect to 1/TJ cE (see the fol-
lowing paragraphs).

The relation via the conduction electrons is the Kor-
ringa relaxation:

TJ CE) ~HI CE

~kB(T/PB )gII. (gJ, I 1)/g Ij JI. +I,CEP( F)i ~

where yT is the susceptibility per mole and X„ is
Avogadro's number. The total g shift hgI is the sum of
the two g shifts

~gI ~gI, T +~gI, CE '

The exchange interaction will also induce the relaxation
of the impurity spin system. The dynamics of this relaxa-
tion and its relation to other spin systems is schematically
shown in Fig. 6 for the three spin systems: the impuri-
ties, the Tm atoms, and the conduction electrons. The
arrows indicate the relaxation path, and includes the re-
laxation of the three systems to the lattice.

The simplest situation is the unbottlenecked case, '"
where the relaxation rate of the impurity spins 1/TI cE
and 1/TIT into the conduction electrons and the Tm
spin systems, respectively, are small compared to
1/TcE L, the relaxation rate of the conduction electrons
to the lattice. Here the total relaxation of the spin system
can be written as the sum of the relaxations into the other
systems:

FIG. 6. Schematic diagram illustrating the three coupled-
spin systems considered for the description of the spin dynam-
ics, as discussed in the text {Sec.IV). A fourth spin system that
arises from intrinsic Tm ions with a magnetic ground state is
shown without its relaxation paths.

At low temperatures when only the Tm singlet state is oc-
cupied, the relaxation via the Tm spin system is virtually
zero, and therefore, in this temperature region the tem-
perature dependence of the linewidth AH is determined
only by the Korringa rate. At higher temperatures when
the Tm excited states start to populate, the relaxation
path via the Tm spin system becomes effective. Detailed
calculation of this relaxation has been carried out for Gd
in the pnictide Van Vleck compounds. They show that
the linewidth is given by '

1/(yTJ T )=bHJT = gk exp( —bE /kT),
J

where k is a function of 8J T and various matrix ele-
ments within the Tm states; exp( b,E /kT) is the statist--

ical factor. At low temperatures only the first excited
state will contribute to the relaxation and therefore from
a Sieverts plot (of b,H versus 1/T), the position of the first
excited state can be extracted.

When the unbottlenecked conditions are not satisfied, a
more complicated situation prevails. " This may occur
when the g value of the conduction electrons, which is
around 2.0, is close to the g value of the impurities. This
is the case for Gd (g=2.00) but not for Er with a I 7

ground state (g=6.77). For a two-spin system of the con-
duction electrons and the impurity ions, the bottlenecked
condition has been analyzed in detail. However, little
has been reported for the case of a three-spin system in
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the bottleneck regime, and the transition to the un-
bottlenecked state.

B. Analysis and discussion of the experimental results

1. Analysis and discussion of the resonance ofEr impurities

Resonance results relative to a Tmo 99Ero O, H2 sample
have been described in the preceding section and are
shown in Fig. 2 (g value and linewidth versus tempera-
ture). We have already noted that the value observed for
the Er line position indicates that the ground state of the
Er + ion, in the TmHz cubic host, is a I 7 Kramers dou-
blet.

Let us now consider the dynamics of the Er moments
with respect to their exchange coupling s, to the
conduction-electron spins on one hand and to the Tm
ions on the other hand. For the Er —conduction-electron
system one can infer, due to the large difference of the
resonant field values at X band frequency, that we are in
the case of the weak-coupling regime (Korringa limit).
One can suppose it is also the case for the Er —Tm-ion
system. Consequently, the experimental resonance pa-
rameters (g shift, linewidth) should be analyzed in terms
of the expressions given by Eqs. (9)—(11).

W'e can then proceed to the analysis of the observed
resonance parameters of the Er line as follows. At the
lowest temperatures, the linewidth shows a linear in-
crease with temperature, in the range 4—13 K, with a
slope of 4.25 G/K. This linear increase is to be associat-
ed with the Korringa relaxation of the Er towards the
conduction electrons, theoretically described by Eq. (11),
which gives

~ 8E, cEp(EF )
~

=2. 2 X 10 2(+10% ) .

To calculate p(EF) we make use of the value of the
electronic contribution to the specific heat y, for LuH2
which we assume to be close to that of TmHz, y, =2.27
mJ/molK . ' From y, =(2' /3)ksp(E)(1+A) [the fac-
tor 2 appears because p(E) is calculated per atom spin],
where A, is the electron-phonon enhancement factor, and
using the value of A, =0.13,' we obtain p(E)(1+A, )=0.4
state/eV atom spin. It follows that the value of the ex-
change integral deduced from the Korringa relaxation
rate is

~
d E„cE~= 55 meV.

From the Korringa linewidth the sign of this exchange
interaction is not obtained. Preliminary results of ESR of
Er in LuH2 gives a negative g shift. From Eq. (7) and the
value of dE„cE we obtain b,gE„cE= —0.025.

From Fig. 2, we see that the observed g value, at 4.2 K,
is g,b, =6.55+0.03, which corresponds to a negative rela-
tiue g shift:

hgE„= —0.22(+ —
10%%uo ),

where we refer the Er position to g =6.77, the g-factor
value of Er for a I 7 ground state in a cubic environment.

According to Eq. (9) one can then deduce the contribu-
tion to the Er g shift arising from the Er-Tm exchange in-
teraction:

b,gE, T
= —0. 195(+10%) .

The main qualitative physical result obtained is that the
Er-Tm exchange interaction is negative and that its con-
tribution largely dominates the g shift of the Er reso-
nance line due to the large Van Vleck susceptibility of the
Tm host ions. More precisely, taking the measured value
(at T=20 K) of TmH2 (see Fig. 2), y „,=0.676X10
emu/mol, and identifying it to the low-temperature Van
Vleck susceptibility of the Tm ions we would find

=2.76X10 emu/cm . From Eq. (8), taking into
account this value of gT, together with gJ E,=—', for Er,
gJ I 6

for Tm, X=0.247 X 10 Tm atoms/cm and

Zo = 12 for the number of first Tm nearest neighbors of
an Er impurity, it follows from Eq. (8) that the value of
the exchange integral one can estimate from the g shift is
dE, T = —0.45X10 ' meV.

2. Analysis and discussion of the resonance of Gd impurities

Resonance results relative to three different
Tm& Gd H2 samples, corresponding to the Gd concen-
trations x=0.01, 0.005, and 0.001, have been described in
Sec. III and are shown, respectively, in Figs. 3, 4, and 5 (g
value and linewidth versus temperature).

The results show that below 10 K, where the Korringa
relaxation should dominate, the slope of linewidth against
temperature depends strongly on the concentration and
varies from 1.1 G/K for 1 at. % Gd to 7.1 G/K for 0.1

at. % Gd. This is an indication that we are in the
bottleneck regime, as decreasing the impurity concentra-
tion opens the bottleneck and therefore makes the relaxa-
tion via the conduction-electron spin system more
effective.

The analysis of the experimental results of Gd in TmH2
are therefore more complicated than those of Er. Such a
theoretical investigation deserves an approach geared to
the differential details of the experimental results and has
been left for future investigation. For the present we will
point out some of the unique results that have to be taken
into consideration in such an analysis.

(a) The dependence of AH on the Gd concentration.
The Korringa contribution is proportional to
p (x, T)[Pod cEp(EF ) ] kz T, while the bottleneck one is
propo«ional to q(x, T)(gcE/god) ('f Xcd~~gcE) 'e «
qT/x. ' The observed experimental variation of
b,H(x, T) can be related to both these terms.

(b) The g value measured at 4.2 K (the lowest tempera-
ture used in this work) for x=0.01 is 1.957 and it in-
creases with decreasing concentration to 1.975 and 1.99
for x=0.005 and x=0.001, respectively. As the Korrin-
ga relaxation for x=0.001 is a factor of 6.5 larger [i.e.,
p(x) increases when x decreases] than for x=0.01, we
can assume that the latter is almost fully bottlenecked
and therefore most of its g shift arises from the direct ex-
change interaction Gd-Tm. A negative g shift is obtained
with Ag = —3.6 X 10,using the value of the unshifted g
equal to 1.993. Thus, as in the case of Er, the coupling
has a negative sign. For a rough estimate using Eq. (8)
and taking yT =2.76X10 emu/cm, g=2 for Gd and
Zo = 12, the number of Gd-Tm first nearest neighbors, we
obtain for the exchange interaction

= —0.098X10 ' meV, which corresponds to a
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weaker value than PER ~ = —0.45X10 ' meV obtained
above. The corresponding ratio is relatively large but one
has to consider that the absolute values are very small, so
that they may be very sensitive to the local distance (be-
tween Tm and Er,Gd) and the stresses surrounding the
Er,Gd atoms.

(c) A possible explanation for the increase of the g
value at 4.2 K with the decrease of the Gd concentration
is to attribute this increase to the opening of the relaxa-
tion bottleneck of the Gd ions to the lattice via the con-
duction electrons. This however will necessitate a posi-
tive exchange interaction cfGd CE [see (d) below].

(d) The temperature dependence of the g value. In all
samples the Ag vary from negative values to positive ones
with g=2.02 at high temperatures. A possible explana-
tion for this variation is to attribute it to the interaction
with Tm in the excited states. However, a variation of
the g shift is already observed for the 0.01 sample at 6 K
(see Fig. 3). At this temp-rature the population of the
first excited state that is situated at 170 K is negligible
and therefore cannot inAuence the g value. A second pos-
sible explanation is to attribute it to an increase with tem-
perature of the Korringa contribution with positive

This is in contrast to the negative exchange in-
teraction with the conduction electrons observed for Er
in LuH2. '

(e) Above a certain temperature, typically 15 K, there
is a rapid increase of the linewidth with temperature
compared with the weak lower-temperature linear in-
crease. This nonlinearly temperature-dependent contri-
bution to the linewidth is associated with the relaxation
of the Gd impurities by the magnetic excited crystal-field
states of the Tm host atoms [Eq. (12)]. Taking the
linewidth data of Fig. 3, we have plotted 1n(BH —b,HI)
versus 1/T where b,HI corresponds to the linearly
temperature-dependent contribution of the observed
linewidth AH. This plot is displayed in Fig. 7 together
with that for Er using the data of Fig. 2.

They show that the linewidth contribution varies with
temperature (variation of the form e ' ~" ' with
EE=100 K for the Gd sample and 80 K for the Er sam-
ple. Thus these values that should reAect the typical en-

ergy splitting of the first Tm triplet state are lower than
the value of 170 K obtained from susceptibility and neu-
tron diffraction. It should be mentioned that the NMR
relaxation of the Tm nuclei in TmH2 shows a very similar
behavior as a function of temperature as in the ESR of
Gd and Er, but there AE is close to 170 K. ' This is in
contrast to results in TmSb where the value obtained for
the position of the first excited state from ESR (Ref. 18) is
in close agreement with inelastic-neutron-scattering
data. ' Thus there is a discrepancy between the energy
associated with the first excited state of Tm, as observed
by susceptibility, neutron scattering, and NMR of the
Tm atoms, and that obtained from ESR. The results in-
dicate that some mechanism is involved that lowers the
energy. A possible explanation for this effect is that sub-
stitution of Er and Gd atoms introduces stresses around
these impurities, lowering the energy level of the first ex-
cited state of their neighboring Tm atoms.

(f) In the analysis of the ESR experiments one has to
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2 3
100/Temperature (100/K)

FIG. 7. Plot of ln(EH —AH&) vs the inverse of the tempera-
ture for Tmo»Ero O, H, and Tmo»Gdo o, H& samples. AH is the
observed linewidth (data of Figs. 2 and 3), and bHI designates
the extrapolated linewidth contribution which is increasing
linearly with temperature.

take into account, in addition to the three coupled spin
systems, namely, the Gd spin system, the Van Vleck Tm
spin system, and the conduction electrons, also the Tm
atoms whose symmetry deviates from cubic symmetry.
The presence of these Tm atoms is intrinsic, as it was
found that stoichiometric TmH2, where all the H atoms
occupy all the tetrahedral sites, does not form. So we ei-
ther obtain TmHz „(x=0.01—0.02) with vacancies in
the tetrahedral H sites, or TmHz+ where the H atoms
occupy the octahedral sites. In either case a small frac-
tion of the Tm atoms do not possess cubic symmetry and
have a magnetic ground state, as seen by the susceptibili-
ty at low temperatures. These fractions of Tm atoms will
also influence the symmetry of near Tm atoms and there-
fore vary the position of the energy levels in these Tm
neighboring atoms. ' This may also effect the relaxation
Tzd ~ or TE„~ associated with the population of the
Tm first excited states.

V. CONCLUSION

In summary, the present experimental investigation
has been essentially concerned with a detailed study of
the ESR of rare-earth impurities Er and Gd in TmHz.
This method was used to probe the magnetic behavior of
this metallic singlet ground-state system. Measurements
of the susceptibility of the pure-metal host confirmed that
it is to be associated with the Van Vleck susceptibility of
the Tm ions over a large low-temperature range, indicat-
ing than the singlet state is well isolated in energy from
the first excited state. However, a Curie-like contribution
below 10 K indicates that about 1% of the Tm atoms do
not have a singlet ground state. This is due to vacancies
in the tetrahedral H sites and/or the occupation of octa-
hedral H sites that induce a noncubic crystal field on the
neighboring Tm atoms.

The observed resonance characteristics (g value,
linewidth) of the Gd and Er impurities in TmHz show a
much more complex behavior, with temperature and im-
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purity concentration, than the one previously observed in
thulium and praseodymium monopnictides, ' and cannot
be analyzed only in terms of the effects induced by the ex-
change coupling between the impurity and Tm host ions,
but also by their coupling with the conduction electrons.
Therefore a three coupled-spin system has been used for
the Hasegawa description of the spin dynamics in the
present metallic system.

The main physical information that we extracted from
the analysis of our ESR results are the following:

(i) The exchange interaction between the rare-earth im-
purities Er and Gd and the Tm host ions is negative in
sign, corresponding to an antiferromagnetic coupling, as
has been found in TmSb and TmBi compounds, but the
estimated magnitude of the exchange integral corre-
sponds to a much weaker value than in the latter case.

(ii) The rapid increase of the linewidth observed typi-
cally above T= 15 K and departing from the low-
temperature linear increase was found to increase ex-
ponentially with temperature for Tmp 99Gdp p& and
Tmp 99Erp p ~

samples assuming an e ' " ' behavior.

This energy corresponds to 100 K and 80 K for the Gd
and Er, respectively, much lower than the energy of 170
K of the first Tm excited state obtained from susceptibili-
ty, NMR, and neutron diffraction.

(iii) We inferred from the Gd-concentration depen-
dence of the low-temperature linear increase of the
linewidth in the Gd samples that the spin-dynamical re-
gime of the Gd —conduction-electron) system is a regime
of partial bottleneck.

(iv) A strong temperature dependence of the g value
observed already at 6 K cannot be associated with the po-
sition of the first excited state of the Van Vleck Tm atoms
(170 K) indicating a more complicated behavior of the
TmH2 system, that may also be responsible for the con-
centration dependence of the g value.
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