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ESR in a Heavy-Fermion Alloy (UBeq3) Doped with Local Moments
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We have determined the ESR properties of UBel3 doped with dilute local moments of Er, Dy, or
Gd over the temperature region where there is a large variation in the enhanced specific heat. We
find that neither the enhancement, the temperature variation, nor any other anomalous behavior
appears to be mirrored in the ESR data. We suggest that this unexpected result must be incorporat-
ed into current models of heavy-fermion systems.

PACS numbers: 76.30.Kg, 71.45.—d, 74.70.Rv, 75.20.Hr

At cryogenic temperatures the heavy-fermion sys-
tems are characterized by an anomalously large specific
heat which is interpreted as the consequence of a
greatly enhanced and temperature-dependent density
of states, p, .' We have sought further insight into the
nature of this enhancement by a study of the tempera-
ture dependence of electron-spin-resonance (ESR)
measurements of UBet3 doped with Dy, Er, or Gd.

The Dy and Er moments are certainly unbottle-
necked, 2 and were the local-moment —conduction-
electron system characteristic of a simple metal host
(such as Ag), 3 the ESR line would have a g shift pro-
portional to JX~, and the spin-relaxation rate would be
given by the usual Korringa relation 1/y T~
= ~/h (pJ) kT. Here, X~ is the electronic susceptibili-
ty, J is the exchange constant, 5 and p is the density of
states at the Fermi level in the host metal. In a
heavy-fermion system where there may be narrow
bands of width comparable to kT, and other significant
differences from a simple metal host, we would expect
that the Korringa relation might no longer be appropri-
ate, but that some aspect of the enhanced p, would be
manifested in the temperature dependence of the ESR
properties. Measurements of the temperature depen-
dence of the nuclear Tt in UBet3 have recently been
reported by MacLaughlin et al. 6 They find that there
is a dramatic enhancement of the Be relaxation rate
( =—10" compared to pure Be), with clear deviations
from a Korringa relation over the temperature range
between 1 and 10 K. Since both the rare-earth local-
moment and the Be-nucleus interactions with the con-
duction electrons are described by the same form of
contact interaction, one might expect to find similarly
an anomalous temperature dependence in the ob-
served ESR. From the experimental results to be
described, we have concluded that whatever the

mechanism is that results in the appreciable tempera-
ture dependence of p, (as deduced from the specific
heat), it does not appear to be manifested in the spin-
relaxation rate of the substituted local moments. We
believe that this observation provides an important ad-
ditional criterion for clarification of possible models
for the heavy-fermion systems, as is discussed in the
following paper. 7

In Fig. 1 we present both the g value and the spin-
relaxation rate, I/yT2, as a function of temperature
for powdered UBet3 doped with —1'/0 of Er. The
spectrometer frequency was 9.3 GHz. 9 As can be
seen, the relaxation rate is well represented by the
usual form, I/yT2=A +BT, where A and B have the
values listed in Table I. We have observed completely
consistent data for a 1'/0-Er single-crystal sample (then
powdered), and also a polycrystalline sample with an
Er concentration of =1500 ppm. '0 We also find a
similar value for the thermal broadening, B, at 35
GHz. The temperature dependence of the relaxation
rate and of the g value for samples doped with Dy or
Gd are similar to that shown in Fig. 1 and these data
are also presented in Table I.

The dotted line in Fig. 1(b) represents the results of
normalizing the spin-relaxation rate at T= 7 K, and
taking I/yT2~ p, T, with p, having the temperature
dependence above and below 7 K as determined from
the experimental data for the specific heat. ' For the
reasons mentioned earlier, we do not propose that this
procedure is the correct physical interpretation of any
model; we simply present it to illustrate just how
dramatically the temperature dependence implied by
the enhanced-specific-heat data fails to show up in the
measured spin-relaxation rate of the local moment.

It is useful to compare the values of the thermal-
broadening coefficient for Er, Dy, and Gd in UBet3

1985 The American Physical Society 2719



VOLUME 55, NUMBER 24 PHYSICAL REVIEW LETTERS 9 DECEMBER 1985

B. B

l

0)

{) 0
0

1B 1Z

TEMPERATURE (K3

BAH
N
N

688-
0

AHH

Q QIZl

TEMPERATURE CKO'

1H 1Z

FIG. l. (a) The g value and (b) the relaxation rate,
1/y Tq, for a UBel3 —1%-Er powdered sample as a function of
temperature. The mean g value and the slope and intercept
of the straight line fitted to the relaxation-rate data are
presented in Table I. As discussed in the text, the dotted
line in (b) represents the temperature dependence that one
would expect if the relaxation rate was normalized to the
data at 7 K and then presumed to obey a Korringa relation,
i.e., ~ p2T, with the density of states p taken to have the
temperature dependence inferred from the enhanced elec-
tronic specific-heat data of Ref. 1.

with those for other MBet3 intermetallic compounds
(M=La, Lu, etc. ). We present such data, as well as
those for noble-metal hosts, in Table II. We suggest
that the comparisons may be summarized as follows:
(i) The thermal broadening for Gd appears to be rela-
tively constant for all the MBet3 compounds, includ-
ing UBet3. (ii) The thermal broadening for both Er
and Dy in UBet3 is larger than that for the other com-
pounds by a factor of at most 3 to 5. (iii) The thermal
broadening in most cases is not much larger than in
noble-metal hosts, and the variation of the relaxation
between noble-metal hosts (i.e. , Er in Ag and Au) is
also comparable to the variation among the MBet3
compounds.

Similarly, we note that the g value as presented in
Fig. 1(a) is independent of temperature within the ex-
perimental error. Furthermore, were there a large
enhanced Knight shift due to the relevant conduc-
tion-electron susceptibility being comparable to that
measured for the bulk UBet3, we would have expected
a significant shift from the I 7-doublet group-theoretic
value of g=6.8, '9 or for Dy from 7.55. In all cases
the g values that we observe and their corresponding
small g shifts are comparable to those for Er and Dy in
simple metals and in other MBet3 compounds as
shown in Table II. In summary, there is no anomalous
behavior seen in the ESR g values of the local-
moment —doped UBet3 samples.

Although it is true that the thermal broadening for
Dy and Er in UBet3 is larger than in the other MBet3
intermetallics, the factor of only 3—5 is within the vari-
ations that happen to occur within other local-moment
systems. In any event, it should be contrasted with
the factor of —105 that would be expected (compared
to Er in Ag) if there was an enhancement of the effec-
tive density of states relevant to spin relaxation com-
parable to that implied by the specific-heat data at 1.5
K. We must emphasize that even if one expected a
greatly reduced effective density of states at the Er
site, for example, due to hybridization between the
conduction and the 4f electrons, 0 ' one might still
expect the temperature dependence to be mirrored in

TABLE I. Values of the gyromagnetic g factor, the residual ESR linewidth A, and the
linear-thermal-broadening coefficient, 8, for UBeI3 doped with Er, Dy, and Gd.

Impurity
Concentration

(ppm) g value (G) (G/K)
Frequency

(GHz)

Er

Dy

Gd

1500
1500

10000

2500

1000

6.77 + 0.04
6.68 + 0.03
6.76 + 0.05

7.63 +0.1

2.08 + 0.01

5+2
35 e3
60 +10
35+15
60+3

25 +2
30+1
28+3
56+5
21+2

9.3
35
9.3

9.3

9.3
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TABLE II. Values of the gyromagnetic g factor, and ESR-linewidth linear-thermal-
broadening coefficient, 8, for different metallic and intermetallic hosts doped with Er, Dy,
and Gd.

Host:Moment g value
B

(G/K)
Concentration

(ppm) Reference

Ag:Dy
Ag:Er
Ag:Gd

Au:Dy
Au:Er
Au:Gd

LaBei3.'Dy
LaBei3.'Er
LaBei3.'Gd

ThBei3'. Dy
ThBei3.Er
ThBei3.Er
ThBei3'.Gd

LuBei3.Er
LuBei3.'Gd

CeBei3.Er
CeBei3.Gd

UBei3.Dy
UBei3'.Er
UBei3.'Gd
UBei3.'Gd

7.66 + 0.03
6.83 + 0.02
2.09 + 0.01

6.80
2.041

7.42 +0.10
6.74 +0.05

2.040 + 0.005

7.46 + 0.10
6.76 + 0.05
7.10 + 0.10

2.032 + 0.005

6.74 + 0.05
2.003 + 0.005

6.70 + 0.05
2.05 + 0.05

7.63 + 0.1

6.76 +0.05
2.08 +0.01
2,08 + 0.01

18.5+2
7.5 + 1
25+5

2.5 +10
2.5 +0.3
9.8

16 +4
6.5 + 1

18+5
17 +6
5+1
4+1

14+2
7 + 1.5

16 +3

10+1
15

51 +5
28+3
21 +2

26
50
17

500
100
100

1000
500

1000

1000
1000

10000
1000

1000
1000

2000

2500
10000

1000
2000

3
11

12
13
14

15
15
15

15
15
a
15

15
15

16
17

a
a
a
18

'This work; nominal concentration.

the linewidth data. As can be seen in Fig. 1(b), the
experimental data show a negligible variation from a
linear behavior. There are systems such as CeP13, 20

substitutional alloy variants, and other intermediate-
valence compounds'6 where the observed low-
temperature thermal broadening of the ESR linewidth
is greatly reduced compared to that expected from a
comparison of their specific heat to that of a normal
metal. However, in all cases known to us, when one
analyzes the effects of the temperature variation of the
specific heat on the observed linewidth in a manner
similar to that which we used to obtain the dotted line
in Fig. 1(b), one finds that the result deviates from
linear behavior very little; the deviations are compar-
able to the measurement uncertainties. Thus, such
data are not an effective test as to whether the ob-
served ESR linewidths are directly related to the elec-
tronic specific heat, In contrast, the difference
between the dotted and solid lines in Fig. 1(b) is readi-
ly discernible, thereby clearly demonstrating that the
temperature dependence of the ESR linewidth is not
simply related to that of the electronic specific heat.

The preceding observations of the observed linearity
of the linewidth with temperature, the absence of any
significant enhancement to the thermal broadening,

and the lack of any anomaly in the g value all combine
to suggest that the local moments substituting at the U
sites simply do not appear to be significantly coupled
to the "heavy-fermion system" either directly or in-
directly. This would appear to be contrary to the im-
plications of the Be NMR data of MacLaughlin et al. ,

6

where they observe both a greatly enhanced nuclear
relaxation rate and a decided deviation from a simple
linear behavior over the range of temperature covered
by our data. A possible explanation compatible with
both sets of data is that the actual Korringa relaxation
rate in UBet3 is extremely small, and that the observed
Ti is dominated by another process, such as dipolar
fluctuations of the U moments. 2

A most succinct way of stating the nature of our data
is to note that if one did not know that UBe» was a
heavy-fermion system, one would have no significant
indication that in fact it was, simply by knowledge of
the ESR data presented. Alternatively, had the fully
enhanced p, or any appreciable fraction of it been ap-
propriate to the relaxation process, we should not have
been able to even see the local-moment ESR because
the line would have broadened beyond observation. z4

We suggest that these observations and the full conse-
quences of our data must be taken into account to test
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any models being proposed to explain the electronic
nature of the heavy-fermion systems such as UBei3.
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