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Magnetic coupling and low-energy excitations in NdGa2 studied by ESR
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Magnetic coupling and low-energy excitations of NdGa2 were studied by electron-spin resonance~ESR! and
magnetic-susceptibility measurements between room temperature and 4 K. Only the conduction-electron ESR
resonance was detected, whereas thef-electron resonances, due to the effects of the crystalline electric field and
the s f indirect exchange interactions, are shifted outside the range of theX-band ESR experiment. In the
high-temperature regime between 300 and 100 K the ESR susceptibility appears as Pauli-like whereas below
100 K it shows an enhancement due to thes f exchange and follows the temperature dependence of the
Curie-Weiss-typef-electron magnetic susceptibility. Thef-electron magnetism is observed indirectly via the
enhancement effect on the conduction electrons, demonstrating the importance of the exchange interactions in
NdGa2. Magnetization measurements with a superconducting quantum interference device magnetometer have
demonstrated that the nature of the reported ferromagnetic component below 5 K is not that of a true ferro-
magnet. Rather, the magnetization is field induced and decays to zero after switching off the external magnetic
field. A nonresonant microwave absorption, reported previously for canted antiferromagnets, was observed in
the antiferromagnetic phase.@S0163-1829~99!15033-1#
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I. INTRODUCTION

Rare-earth-based intermetallic compounds have raise
lot of interest in the context of gaining a fundamental und
standing of magnetism in metallic conductors. Rare-earth
termetallics are simpler to understand than the 3d-metal
compounds because they show a clear distinction betw
the well-defined 4f localized moments and the conductio
electrons. In 3d systems, on the other hand, the localiz
versus itinerant character of the 3d moments cannot alway
be identified in a simple way.

Among the 4f systems, theRGa2 family (R5rare earth)
of metamagnetic rare-earth intermetallic compounds
tracted attention because, in spite of the relatively sim
geometry of the crystal lattice, a rich variety of magne
phenomena was observed. The Ga atom contributes t
conduction electrons and both, the dipole-dipole interact
as well as the direct exchange between 4f electrons can, to a
good approximation, be considered as negligible. One
pects that the Ruderman-Kittel-Kasuya-Yoshida~RKKY !-
type indirect exchange interaction serves as a reason
good approximation for the conduction-electron-mediated
teraction between the localized 4f electron moments, leadin
to magnetic order at low temperatures. However, explain
the observed metamagnetic transitions and modulated m
netic structures at low temperatures needs further cons
ations.

Among theRGa2 systems, DyGa2 ~Ref. 1!, PrGa2 ~Refs.
PRB 600163-1829/99/60~10!/7346~6!/$15.00
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2,3!, and NdGa2 ~Refs. 4–7! were studied thoroughly and
revealed a rich variety of complex magnetic structures
pearing in the magnetic field~H! vs temperature~T! phase
diagram. Magnetic structures show an incommensu
~INC! or a long-period commensurate~C! character with a
number of temperature- and field-induced metamagn
transitions. The bulk magnetization often shows multip
field-induced steplike changes at low temperatures, whic
considered as a sign of a large magnetic frustration resul
from the competition between the long-range oscillati
RKKY interactions and the applied magnetic field in th
presence of strong magnetocrystalline anisotropy.

In the following we concentrate on the intermetallic com
pound NdGa2. The crystallographic unit cell contains one N
ion situated in a high-symmetry position with the site sy
metry 6/mmm. In zero applied field NdGa2 undergoes an
antiferromagnetic~AFM! transition atTN59.5 K followed
by another first-order transition to a second magnetically
dered phase atTt57.5 K. A neutron-scattering experiment4,8

has demonstrated that the second phase shows an incom
surate AFM structure with the propagation vectorQ1
5(0.136, 0, 0.014) in reduced units of the hexagonal rec
rocal lattice and with the magnetic moments parallel to
@010# axis ~i.e., perpendicular toQ1). In the elastic neutron-
scattering spectrum at 1.9 K the peak usually associated
the third-harmonic component was not detected, sugges
that the magnetic structure is not fully of the antiphase ty
Magnetization measurements indicated the existence o
7346 ©1999 The American Physical Society
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small ferromagnetic~FM! component at low temperatures.
is not clear whether this FM component results from inco
pletely compensated magnetic moments on defect site
whether it is easily induced by even a small external m
netic field. The magnetic structure betweenTt andTN is the
result of the coexistence of two INC substructures. T
smaller part of the coexisting phases retains the low-T struc-
ture with the same wave vectorQ1 whereas the major par
shows an amplitude-modulated AFM structure with a wa
vector Q25(0.151, 0.151, 0.035) and the moments pointi
in the @110# direction ~i.e., almost collinear withQ2). This
relatively simple zero-field phase diagram becomes m
complicated in the presence of an external magnetic fi
The H-T phase diagram strongly depends on the orienta
of the magnetic field with respect to the crystalline axes a
exhibits a rich variety of phase transitions.4

The microscopic reason for the occurrence of these c
plex INC magnetic structures and metamagnetic states is
far from being understood. One of the problems here i
lack of a proper microscopic model that would have to
clude the effects of anisotropic crystalline electric fiel
~CEF’s!, an applied external magnetic field and thes f indi-
rect exchange interaction. A good starting point here is
periodic-field model,9 which is a mean-field model that in
cludes all these terms and correctly reproduces some o
static physical properties like the specific heat and magn
zation. However, like any mean-field model, it does not ta
into account magnetic fluctuations in the paramagnetic ph
and collective excitations in the low-T ordered phase. Thu
little can be predicted theoretically about the dynamic pr
erties of the above systems. In addition, the experime
data on magnetic excitations are still scarce so that the
namics remains one of the large open questions in the
text of magnetism in these metallic conductors.

The renewed interest on the NdGa2 compound has re
cently been raised due to the unusual results of specific-
measurements7 that showed an unexpectedly large enhan
ment of the linear-in-T term in Cp at temperatures below
K. The possible origin of this enhancement was attributed
the low-energy thermal excitations of the fluctuating Nd m
ments around nodes in the incommensurate AFM struct
The presence of the low-energy excitations below 1 K was
confirmed also by a large linear-in-T term in the 69,71Ga
NMR spin-lattice relaxation rates.10 The rates were found to
be about two orders of magnitude larger than those in
nonmagnetic LaGa2 compound. This enhancement effect w
associated with electronic excitations between the two low
CEF-split energy levels of the 4f electron system.

The above-mentioned status of affairs prompted us to
form a study—presented in this paper—of the low-ene
excitations and magnetic coupling in NdGa2 by electron-
spin-resonance~ESR! spectroscopy, aiming at a more d
tailed understanding of the complex magnetism in these
termetallics.

II. EXPERIMENTAL

The ESR experiments were performed on a continuo
wave~CW! Bruker ESP 300 spectrometer operating in theX
band ~9.6 GHz!. The spectrometer was equipped with
Oxford ESR 900 cryostat, providing temperatures betwee
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and 300 K with a 0.1 K temperature stability. Magnetizati
and susceptibility measurements were made in a Quan
Design susceptometer using a superconducting quantum
terference device~SQUID! sensor and equipped with a 6 T
magnet. All measurements were performed on the sa
NdGa2 monocrystalline sample as previously used for t
measurements of the specific heat.7

III. CALCULATION OF ESR RESONANCES

In NdGa2 there exist two kinds of ESR-resonant electron
those forming the localized 4f moments and the itinerant
predominantlys-type, conduction electrons. One has to a
sert which of these yield an observable signal in theX-band
ESR experiment. The conduction electrons are usually c
acterized by ag factor very close to that of free electron
(g'2) and theirX-band resonances should occur close
the free-electron resonance magnetic field of 3400 G.
cause of the CEF splitting of the 4f electron Hund’s rule
ground state, the ESR resonances invoking the 4f electrons
are not as easily predicted. One can, however, make an
mate on the basis of the known CEF energy-level diagr
and the exchange field. In the hexagonal NdGa2 structure, the
tenfold degenerate4I 9/2 ground-state multiplet of the Nd31

ion, with a total angular momentumJ59/2, splits into the
five doublets4 G7 , G8

( i ) , and G9
( i ) ( i 51,2) because of the

crystalline electric field. Neutron-scattering data indicate t
the ground state is theG7 doublet, while the doubletsG8

(1) ,
G9

(1) , G8
(2) , andG9

(2) are approximately 8, 10, 23, and 52
~in units of energy/kB) above the ground state. The corr
sponding wave functions are given in Table I. In an exter
magnetic field these doublets naturally undergo a Zeem
splitting. Neglecting thesf exchange interaction for the mo
ment, the ESR Hamiltonian relevant for the 4f electrons
consists of a CEF and a Zeeman contribution

Hf5HCEF1HZ5B2
0O2

01B4
0O4

01B6
0O6

01B6
6O6

62gJmBH•J.
~1!

The quantitiesBn
m denote the CEF parameters, which f

NdGa2 were determined by neutron studies,4,11 the quantities
On

m are Stevens operator equivalents,12 and the Lande´ gJ

factor equals 8/11 for the Nd31 ion. Since the CEF and the
Zeeman terms do not commute, one has to diagonaliz
10310 matrix~in the basis of statesuMJ& of the total angular
momentum! in order to find the field-induced splitting of th
doubletsG j

( i ) . The diagonalization was performed for th
crystal orientationyiH. Because of only a small anisotrop
in thex,y plane, the result is valid also forxiH. The results
of the diagonalization are summarized in Table I. The
lowed ESR transitions (DMJ561) are those within the
Zeeman-split doubletsG7 , G8

(1) , and G8
(2) . In the resonant

field of free electrons (H53400 G) the splittings are 0.83
0.64, and 0.65 K, respectively. In the CW experiment t
magnetic field is swept from 0 to 10 kG at a constant ir
diation frequencyn59.6 GHz, corresponding to a micro
wave photon energy of 0.45 K. The 4f resonances are thu
expected at fields of 1890, 2440, and 2410 G, respectiv
and should thus be observable in anX-band experiment. Due
to the low photon energy, only the intradoublet transitio
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TABLE I. ~a! CEF states,~b! energies and~c! wave functions~Ref. 15! of 4f electrons in NdGa2 in the absence of magnetic field
Column~d! shows the Zeeman splitting of the CEF doublets in a magnetic fieldH53400 G and column~e! the corresponding ESR resona
field atn59.6 GHz for the allowedX-band transitions@column~f!# in the absence ofs f exchange. The resonance frequencies in the prese
of an exchange field 20 kG are listed in~g!.

~a!
CEF
states

G i

~b!
Energies
Ei ~K!

~c!
Wave functions

c i

~d!
Zeeman splitting

(H53400 G)
DEi ~K!

~e!
ESR resonant field
at n59.6 GHz in
the absence ofs f

exchange
H ~G!

~f!
ESR

transitions
DMJ561

allowed

~g!
ESR resonance
frequencies in
the presence of
exchange field

20 kG
n~GHz!

G9
(2) 51.6 0.12u63/2&10.99u79/2& ;0 No

G8
(2) 23.2 0.78u65/2&10.63u77/2& 0.65 2410 Yes 77.6

G9
(1) 10.0 0.12u69/2&20.99u73/2& 6.831023 No

G8
(1) 7.8 0.63u65/2&20.78u77/2& 0.64 2440 Yes 67.2

G7 0 u61/2& 0.83 1890 Yes 96.2
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can be excited, because the interdoublet energy splitting
several K are much too large in comparison with the cho
frequency.

The indirect exchange interaction between thef electrons
has a profound effect on the 4f resonances. A simple est
mate of this effect can be made by a mean-field treatm
where one replaces the actual exchange field by a mean
lecular fieldHmol that adds to the external fieldH. Though
Hmol is not known precisely for NdGa2, one can find its order
of magnitude by assuming thatHmol points in the same di-
rection asH and determining the value of the external fie
that completely polarizes the spins at temperatures well
low TN . This polarizing field value sets the upper limit fo
the exchange field and can be easily determined from
value of the field in theM vs H curve above which the
saturation of the magnetization occurs. In NdGa2 this field is
about 20 kG~see Fig. 8 in Ref. 4!. The same order of mag
nitude is also obtained from the ordering temperature us
equationmeffHmol5kBTN that yields Hmol'40 kG for meff
'3.5mB andTN59.5 K. In order to find the 4f resonances
in the presence of the exchange field, the Hamiltonian of
~1! was diagonalized forH520 kG ~Table I!. The diagonal-
ization yields the energy splittings of theG7 , G8

(1) , andG8
(2)

doublets of 3.7, 3.2, and 4.6 K, respectively. The correspo
ing ESR resonance frequencies are 77.6, 67.2, and 96.2 G
far outside of the available experimental range, so that thef
resonances cannot be observed directly. It is, however,
possible to observe thef-electron excitations indirectly via
the conduction-electron resonance, because thes f exchange
coupling results in an enhancement of the conducti
electron susceptibility at low temperatures. Here it is a
worth noting that at least at low temperatures, the modu
tion of the magnetic structure quite likely implies a wid
distribution of molecular fieldsHmol , so that the direct
f-electron ESR transitions might, in principle, be too broad
be detected. In any case, the missingf resonances can b
considered as a demonstration of the importance of the
change interactions in NdGa2.

IV. RESULTS AND DISCUSSION

The ESR experiments were performed on an NdG2

monocrystalline sample~with its @01̄0# axis oriented paralle
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to the external magnetic field!, in the temperature interva
from 300 to 4 K. A selected collection of spectra is shown
Fig. 1. Upon cooling from room temperature to 4 K the
electronicg factor @Fig. 2~a!# showed a small variation with
the values in the range between 2.02 and 2.15. These va
are typical for itinerant conduction electrons, supporting
above hypothesis that the 4f resonances cannot be observ
directly in theX-band ESR experiment. In Fig. 2~b! the peak-
to-peak widthDHpp of the derivative spectra is shown. In th
interval from 210 to 130 KDHpp decreases and exhibits
minimum at 130 K. Such narrowing of the ESR line on coo

FIG. 1. X-band ESR spectra of a NdGa2 monocrystalline sample
between room temperature and 4 K.
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ing in metallic samples usually occurs as a consequenc
the lifetime broadening mechanism.13 The lifetime contribu-
tion to the linewidth can be written asDHpp

t 5\/(gmBt),
wheret represents the lifetime of the ESR excited state t
increases at lower temperatures so thatDHpp

t decreases. Be
low 130 K, DHpp increases again and saturates at a va
DHpp51050 G below 50 K. This increase originates fro
the s f indirect exchange interaction as will be demonstra
below by comparing the ESR and magnetic susceptibiliti

The ESR susceptibility is obtained from the intensityI ESR
of the absorption line and is defined by the linear relat
I ESR5xESRH. Here I ESR represents the relative intensity o
the ESR signal so thatxESR cannot be analyzed quantita
tively on an absolute emu/mol scale, but its temperature
pendence is of significance. The ESR susceptibility of NdG2
is displayed in Fig. 3~a!. In the temperature region betwee
room temperature and 4 K, two different regimes may
identified. In the high-temperature part between 300 and
K @see inset in Fig. 3~a!#, xESR is only insignificantlyT de-
pendent, at best with a smalldecreasetowards low tempera-
tures. Below 80 KxESR starts to increase in a Curie-Weis
like manner@Fig. 3~b!#. The behavior ofxESR in the high-T
regime can, to a good approximation, be ascribed to the P
paramagnetism of conduction electrons with the suscept
ity of the formxc5mB

2g(«F), whereg(«F) is the density of
conduction electron states at the Fermi level. Such a Pa

FIG. 2. ~a! Temperature dependence of theg factor of the ESR
spectra of NdGa2. ~b! peak-to-peak widthDHpp of the ESR deriva-
tive spectra as a function of temperature. The solid line is a gu
for the eye.
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like ‘‘background’’ susceptibility was also observed in th
nonmagnetic LaGa2 compound.5

In contrast toxESR, the bulk magnetic susceptibilityx
@Fig. 4~a!# displays a very different behavior. As usually o
served for this type of compound,x(T) shows a Curie-
Weiss-type increase from room-temperature down to ab
10 K. This behavior is clearly reflected in thex21 vs T plot
in the inset of Fig. 4~a!, so thatx(T) can unambiguously be
attributed to the paramagnetism of the 4f electrons. The
Curie-Weiss parameters in the paramagnetic state aru
515 K andmeff53.51mB . The anomalies inx(T) in the vi-
cinity of the AFM transition at 9.5 K are displayed on a
expanded temperature scale in Fig. 4~b!. Here we mention
that similar magnetic susceptibility data of NdGa2 have re-
cently been published.4 We include our data here becausex
was measured on the same crystal and at the same orient
asxESR, thus allowing for a direct comparison.

The comparison ofx and xESR suggests the following
explanation of the temperature dependence of the ESR
width DHpp and xESR below 80 K. Thef and conduction
electrons are coupled through thes f exchange so that on
observes an enhanced susceptibility of the conduction e
trons of the form

xESR5xc@11C~T!x4 f #. ~2!

Here xc is the conduction-electron susceptibility in the a
sence of exchange with thef electrons andC(T) is the s f
coupling constant that may be temperature dependent. U

e

FIG. 3. ~a! ESR susceptibility of an NdGa2 monocrystal (@01̄0#
axis parallel to the magnetic field! in the temperature interval be
tween 300 and 4 K. The inset showsxESRbetween 300 and 70 K on
an expanded temperature scale.~b! The low-T part of xESR, show-
ing details around the AFM transition.
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cooling the 4f -electron susceptibility increases in a Curi
Weiss manner and once it is large enough, it provides
dominant contribution to the intensity and width of th
conduction-electron ESR line via thes f coupling. The cou-
pling induces an enhancement of the conduction-elec
susceptibility so that theT dependence ofxESR @andC(T)]
below 80 K predominantly follows that ofx4 f . The
f-electron magnetism is thus observed indirectly via the
hancement effect on the conduction electrons, probed
ESR. Our results therefore demonstrate the importanc
exchange interactions and their influence on the magn
phenomena observed in NdGa2. Here we mention that the
ESR spectrum width saturates already at 50 K, i.e., far ab
the AFM transition, and no further changes are observed
crossingTN . This suggests that the external magnetic fi
of the ESR experiment induces partial polarization of
moments and smears out the AFM phase transition. T
smearing seems also to be responsible for the fact that
details in the magnetic susceptibilityx below 10 K are not
mirrored inxESR.

In view of the reported weak ferromagnetic compone4

that is claimed to coexist with the AFM order at tempe
tures below about 5 K, one is faced with the quest
whether the FM component represents a true ferromagn
state with spontaneous local magnetic fields or whether th
fields are induced by an external magnetic field. In a sys
with a large magnetic frustration like NdGa2, the second
possibility is likely to occur as already small external fiel
may induce a significant moment polarization. The abo

FIG. 4. ~a! Bulk magnetic susceptibilityx of an NdGa2 mono-

crystal (@01̄0# axis parallel to the magnetic field! measured in a
field H5500 G as a function of temperature. The inset shows
x21 vs T plot. ~b! The low-temperature part ofx(T), exhibiting
anomalies in the AFM phase.
e

n

-
y

of
tic

ve
n

d
e
is
ne

-
n
tic
se
m

e

ESR experiments were performed in a relatively high fie
with the center of absorption at 3400 G and can thus not g
the answer to this question. To clarify this point we pe
formed an experiment where the sample was placed in a
SQUID magnetometer at 4.2 K and was magnetized wit
field of 100 G. After the equilibrium was reached, the fie
was suddenly turned off and the time decay of the magn
zation was recorded. The magnetization decayed to e
zero~Fig. 5! in a time of less than 2 s, demonstrating that
remanent magnetization exists in zero field at this tempe
ture.

Another interesting phenomenon detected in our ESR
periments below the AFM transition, is the appearance

FIG. 6. ESR signals showing a nonresonant microwave~9.6
GHz! absorption at zero magnetic field in the magnetically orde
phase of NdGa2.

e

FIG. 5. Time decay of the NdGa2 bulk magnetization after
switching off the magnetic field, measured by a SQUID magne
meter at 4.2 K.
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nonresonant~9.6 GHz! microwave absorption at zero mag
netic field. In this experiment the ESR magnetic-field swe
started at zero~in fact not exactly at zero but at a value
about 20 G, determined by the residual field of the mag
poles! and the microwave absorption in the sample was
served in a narrow range of the order of a few ten Ga
around the field zero, thus in the regime where the E
resonance condition is not fulfilled. This nonresonant abso
tion was observed belowTN ~Fig. 6! in the magnetically
ordered phase of NdGa2, whereas it was absent above. Su
nonresonant absorption was previously reported in ra
earth-containing canted antiferromagnets.14 There this effect
was attributed to the spontaneous moments that underg
orientations upon a temperature change and respond qu
tatically to alternating magnetic fields at microwave freque
cies. It is due to some kind of low-energy magne
excitations. Similar arguments are likely valid also for e
plaining our observation on NdGa2. The complicated mag
netic structure, however, prevents us from giving a m
detailed description of this phenomenon at present.

V. CONCLUSIONS

The results of our ESR measurements have demonstr
the importance of the exchange interactions in NdGa2. In the
n
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absence of exchange one expects to observe resonanc
the conduction electrons as well as those of thef electrons
for the given CEF energy-level scheme. The presence of
s f exchange increases the Zeeman splitting of the ene
levels so that thef-electron resonances are shifted outside
range of theX-band experiment. This was indeed observed
NdGa2 where only the conduction-electron resonances h
been detected. At low temperatures the spectrum width
the ESR susceptibility are dominated by thes f exchange
interaction. The 4f -electron Curie-Weiss susceptibilityx4 f
gives the dominant contribution to the intensity of th
conduction-electron line via thes f coupling and enhance
the conduction-electron susceptibility so that theT depen-
dences ofxESR and thes f exchange coupling paramete
C(T) below 80 K follow approximately that ofx4 f . The
f-electron magnetism is thus observed indirectly via the
hancement effect on the conduction electrons.

Magnetization measurements with a SQUID magnetom
ter have demonstrated that the origin of the reported fe
magnetic component at lowT is not from a true FM state
Instead, the magnetization is field induced and decays to
after switching off the external magnetic field. A nonres
nant microwave absorption, reported previously for can
antiferromagnets, has also been observed in NdGa2 below
TN .
.
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