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Magnetic coupling and low-energy excitations in NdGa studied by ESR
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Magnetic coupling and low-energy excitations of Nd®@eere studied by electron-spin resonafgéSR and
magnetic-susceptibility measurements between room temperature and 4 K. Only the conduction-electron ESR
resonance was detected, wheread-blectron resonances, due to the effects of the crystalline electric field and
the sf indirect exchange interactions, are shifted outside the range oX-tend 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 gfeexchange and follows the temperature dependence of the
Curie-Weiss-typd-electron magnetic susceptibility. THeelectron magnetism is observed indirectly via the
enhancement effect on the conduction electrons, demonstrating the importance of the exchange interactions in
NdGg. Magnetization measurements with a superconducting quantum interference device magnetometer have
demonstrated that the nature of the reported ferromagnetic componewt bédais 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 phass0163-18209)15033-1

. INTRODUCTION 2,3, and NdGa (Refs. 4—7 were studied thoroughly and
revealed a rich variety of complex magnetic structures ap-

Rare-earth-based intermetallic compounds have raised gearing in the magnetic fieltH) vs temperaturéT) phase
lot of interest in the context of gaining a fundamental under-diagram. Magnetic structures show an incommensurate
standing of magnetism in metallic conductors. Rare-earth infINC) or a long-period commensurat€) character with a
termetallics are simpler to understand than thén3etal number of temperature- and field-induced metamagnetic
compounds because they show a clear distinction betwedransitions. The bulk magnetization often shows multiple
the well-defined 4 localized moments and the conduction field-induced steplike changes at low temperatures, which is
electrons. In @ systems, on the other hand, the localizedconsidered as a sign of a large magnetic frustration resulting
versus itinerant character of the& 3noments cannot always from the competition between the long-range oscillating
be identified in a simple way. RKKY interactions and the applied magnetic field in the

Among the 4 systems, th&RGa, family (R=rare earth) presence of strong magnetocrystalline anisotropy.
of metamagnetic rare-earth intermetallic compounds at- In the following we concentrate on the intermetallic com-
tracted attention because, in spite of the relatively simplgoound NdGa The crystallographic unit cell contains one Nd
geometry of the crystal lattice, a rich variety of magneticion situated in a high-symmetry position with the site sym-
phenomena was observed. The Ga atom contributes threeetry 6mmm In zero applied field NdGaundergoes an
conduction electrons and both, the dipole-dipole interactiorantiferromagnetid AFM) transition atTy=9.5K followed
as well as the direct exchange betwedrefectrons can, to a by another first-order transition to a second magnetically or-
good approximation, be considered as negligible. One exdered phase &,=7.5K. A neutron-scattering experiméfit
pects that the Ruderman-Kittel-Kasuya-YoshiRKKY )- has demonstrated that the second phase shows an incommen-
type indirect exchange interaction serves as a reasonablurate AFM structure with the propagation vect@;
good approximation for the conduction-electron-mediated in=(0.136, 0, 0.014) in reduced units of the hexagonal recip-
teraction between the localized 4lectron moments, leading rocal lattice and with the magnetic moments parallel to the
to magnetic order at low temperatures. However, explaining010] axis (i.e., perpendicular t®,). In the elastic neutron-
the observed metamagnetic transitions and modulated mageattering spectrum at 1.9 K the peak usually associated with
netic structures at low temperatures needs further considethe third-harmonic component was not detected, suggesting
ations. that the magnetic structure is not fully of the antiphase type.

Among theRGa, systems, DyGa(Ref. 1), PrGg (Refs.  Magnetization measurements indicated the existence of a
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small ferromagneti¢FM) component at low temperatures. It and 300 K with a 0.1 K temperature stability. Magnetization
is not clear whether this FM component results from incom-and susceptibility measurements were made in a Quantum
pletely compensated magnetic moments on defect sites @esign susceptometer using a superconducting quantum in-
whether it is easily induced by even a small external magterference devicéSQUID) sensor and equipped Wia 6 T
netic field. The magnetic structure betweBnand Ty is the  magnet. All measurements were performed on the same
result of the coexistence of two INC substructures. TheNdGa monocrystalline sample as previously used for the
smaller part of the coexisting phases retains the Tostruc- ~ measurements of the specific héat.
ture with the same wave vect@; whereas the major part
shows an amplitude-modulated AFM structure with a wave
vector Q,=(0.151,0.151, 0.035) and the moments pointing
in the [110] direction (i.e., almost collinear witlQ,). This In NdGa, there exist two kinds of ESR-resonant electrons,
relatively simple zero-field phase diagram becomes morenose forming the localized f4moments and the itinerant,
complicated in the presence of an external magnetic fieldoredominantlys-type, conduction electrons. One has to as-
TheH-T phase diagram strongly depends on the orientatiogert which of these yield an observable signal in Xaeand
of the magnetic field with respect to the crystalline axes andESR experiment. The conduction electrons are usually char-
exhibits a rich variety of phase transitiohs. acterized by ag factor very close to that of free electrons
The microscopic reason for the occurrence of these comqg~2) and theirX-band resonances should occur close to
plex INC magnetic structures and metamagnetic states is stilhe free-electron resonance magnetic field of 3400 G. Be-
far from being understood. One of the problems here is @ause of the CEF splitting of thef4electron Hund'’s rule
lack of a proper microscopic model that would have to in-ground state, the ESR resonances invoking thelctrons
clude the effects of anisotropic crystalline electric fieldsare not as easily predicted. One can, however, make an esti-
(CEF's), an applied external magnetic field and #iindi-  mate on the basis of the known CEF energy-level diagram
rect exchange interaction. A good starting point here is theind the exchange field. In the hexagonal Ng&gucture, the
periodic-field mode?, which is a mean-field model that in- tenfold degeneratél g, ground-state multiplet of the Nd
cludes all these terms and correctly reproduces some of then, with a total angular momentumh= 9/2, splits into the
static physical properties like the specific heat and magnetifye doubleté T, r® andr{’ (i=1,2) because of the
zation. However, like any mean-field model, it does not takégystajline electric field. Neutron-scattering data indicate that
into account magnetic fluc'guatmns in the paramagnetic phasg ground state is thE, doublet, while the doubletEgl),
and collective excitations in the loWw-ordered phase. Thus I @ andl'@ are approximately 8, 10, 23, and 52 K

little can be predicted theoretically about the dynamic prop—(iiﬁ units of energy) above the ground state. The corre-

erties of the above systems. In addition, the experimenta . g : .
ponding wave functions are given in Table I. In an external

data_ on magnetic excitations are still scarce so that the dy?nagnetic field these doublets naturally undergo a Zeeman
namics remains one of the large open questions in the con-

text of magnetism in these metallic conductors. splitting. Neglecting thesf e_xchange interaction for the mo-
The renewed interest on the NdGeompound has re- ment', the ESR Hamiltonian relevant fpr t.hef 4lectrons
cently been raised due to the unusual results of SpeCifiC-heanSIStS of a CEF and a Zeeman contribution
measuremenfshat showed an unexpectedly large enhance- S
ment of the linear-inF term in C, at temperatures below 1 Hi=Hcert Hz=B;05+B;05+BgOg+BgOg—gaupH - J.
K. The possible origin of this enhancement was attributed to Q)
the low-energy thermal excitations of the fluctuating Nd mo-
ments around nodes in the incommensurate AFM structurd.he quantitiesB' denote the CEF parameters, which for
The presence of the low-energy excitations betb K was ~ NdGa were determined by neutron studfe’s the quantities
confirmed also by a large linear--term in the ®7'Ga  Of are Stevens operator equivaletitsand the Lande,
NMR spin-lattice relaxation ratéd.The rates were found to factor equals 8/11 for the Nd ion. Since the CEF and the
be about two orders of magnitude larger than those in th&eeman terms do not commute, one has to diagonalize a
nonmagnetic LaGacompound. This enhancement effect was10x 10 matrix(in the basis of statg$/ ;) of the total angular
associated with electronic excitations between the two lowesnomentun in order to find the field-induced splitting of the
CEF-split energy levels of thefdelectron system. doubIetsFJ('). The diagonalization was performed for the
The above-mentioned status of affairs prompted us to peferystal orientatioryllH. Because of only a small anisotropy
form a study—presented in this paper—of the low-energyin thex,y plane, the result is valid also foi/H. The results
excitations and magnetic coupling in NdGhy electron-  of the diagonalization are summarized in Table I. The al-
spin-resonancéESR) spectroscopy, aiming at a more de- lowed ESR transitions XM ;=+1) are those within the
tailed Understanding of the CompIeX magnetism in these inZeeman-Sp”t doub|etf‘7, ]"gl), and 1"2(32) In the resonant
termetallics. field of free electrons i=3400G) the splittings are 0.83,
0.64, and 0.65 K, respectively. In the CW experiment the
magnetic field is swept from 0 to 10 kG at a constant irra-
diation frequencyr=29.6 GHz, corresponding to a micro-
The ESR experiments were performed on a continuouswave photon energy of 0.45 K. Thef 4esonances are thus
wave (CW) Bruker ESP 300 spectrometer operating in¥he expected at fields of 1890, 2440, and 2410 G, respectively,
band (9.6 GH2. The spectrometer was equipped with anand should thus be observable inX4band experiment. Due
Oxford ESR 900 cryostat, providing temperatures between 4o the low photon energy, only the intradoublet transitions

Ill. CALCULATION OF ESR RESONANCES

II. EXPERIMENTAL
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TABLE I. (a) CEF states(b) energies andc) wave functions(Ref. 15 of 4f electrons in NdGain the absence of magnetic field.
Column(d) shows the Zeeman splitting of the CEF doublets in a magnetickHiet®400 G and columie) the corresponding ESR resonant
field atv=9.6 GHz for the alloweX-band transitiongcolumn(f)] in the absence aff exchange. The resonance frequencies in the presence
of an exchange field 20 kG are listed (ig).

9

(e) ESR resonance
ESR resonant field () frequencies in
(a) (d) atv=9.6 GHz in ESR the presence of
CEF (b) (c) Zeeman splitting the absence o f transitions exchange field
states Energies Wave functions (H=3400G) exchange AM;==*1 20 kG
T E; (K) i AE; (K) H (G) allowed v(GH2)
re 51.6 0.12+3/2)+0.99 7 9/2) ~0 No
re 23.2 0.78+5/2)+0.63 7 7/2) 0.65 2410 Yes 77.6
ry 10.0 0.12+9/2)—0.99 ¥ 3/2) 6.8x10°3 No
rg 7.8 0.63+5/2)—0.74 % 7/2) 0.64 2440 Yes 67.2
| 0 |=1/2) 0.83 1890 Yes 96.2

can be excited, because the interdoublet energy splittings @b the external magnetic fieldin the temperature interval
several K are much too large in comparison with the chosefrom 300 to 4 K. A selected collection of spectra is shown in
frequency. Fig. 1. Upon cooling from room temperature # K the

The indirect exchange interaction between thectrons  electronicg factor[Fig. 2(a)] showed a small variation with
has a profound effect on thef 4esonances. A simple esti- the values in the range between 2.02 and 2.15. These values
mate of this effect can be made by a mean-field treatmengre typical for itinerant conduction electrons, supporting the
where one replaces the actual exchange field by a mean mgpgye hypothesis that thef 4esonances cannot be observed
lecular fieldH,,, that adds to the external field. Though directly in theX-band ESR experiment. In Fig(® the peak-
Humoi i not known precisely for NdGaone can find its order 4 peqk widthAH ,,, of the derivative spectra is shown. In the

of magnitude by assuming théty points in the same di- jnteryal from 210 to 130 KAH,, decreases and exhibits a
rection asH and determining the value of the external field inimum at 130 K. Such narrowing of the ESR line on cool-
that completely polarizes the spins at temperatures well be-

low Ty . This polarizing field value sets the upper limit for

the exchange field and can be easily determined from the 293 K
value of the field in theM vs H curve above which the

saturation of the magnetization occurs. In Nd@&as field is

about 20 kG(see Fig. 8 in Ref. ¥ The same order of mag- r T T T T 1
nitude is also obtained from the ordering temperature using

equation peiHmo=kg Ty that yieldsH,,,~40KkG for wes 90 K
~3.5ug andTy=9.5K. In order to find the # resonances ‘W,,/\/M

in the presence of the exchange field, the Hamiltonian of Eq.

(1) was diagonalized foH =20 kG (Table ). The diagonal- r T T T T 1
ization yields the energy splittings of the,, I'{"), andT'{?)

doublets of 3.7, 3.2, and 4.6 K, respectively. The correspond- 0K
ing ESR resonance frequencies are 77.6, 67.2, and 96.2 GHz, 5
far outside of the available experimental range, so that the 4

resonances cannot be observed directly. It is, however, still r T T T T ]
possible to observe thielectron excitations indirectly via

the conduction-electron resonance, becauses frexchange

coupling results in an enhancement of the conduction- 20K
electron susceptibility at low temperatures. Here it is also

worth noting that at least at low temperatures, the modula- — T T T T 1
tion of the magnetic structure quite likely implies a wide

distribution of molecular fieldsH,, so that the direct 44K
f-electron ESR transitions might, in principle, be too broad to
be detected. In any case, the missingesonances can be

considered as a demonstration of the importance of the ex- — . I T T )
change interactions in NdGa 0] 2 4 6 8 10

IV. RESULTS AND DISCUSSION H (kGauss )

The ESR experiments were performed on an NdGa gig. 1. x-band ESR spectra of a Nd@monocrystalline sample
monocrystalline sampl@vith its[010] axis oriented parallel between room temperature and 4 K.
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T(K) axis parallel to the magnetic fieldn the temperature interval be-

tween 300 and 4 K. The inset showgsg between 300 and 70 K on

FIG. 2. (8) Temperature dependence of téactor of the ESR ~ an expanded temperature scdl®. The low-T part of xesg, show-
spectra of NdGa (b) peak-to-peak widtiAH,, of the ESR deriva- N9 details around the AFM transition.
tive spectra as a function of temperature. The solid line is a guide - )
for the eye. like “background” susceptibility was also observed in the

nonmagnetic LaGacompound.

ing in metallic samples usually occurs as a consequence of [N contrast toyesg, the bulk magnetic susceptibility

the lifetime broadening mechanisthThe lifetime contribu-  [Fig. 4@] displays a very different behavior. As usually ob-
tion to the linewidth can be written a8H7 =#/(gugr), ~ Served for this type of compoundi(T) shows a Curie-
where r represents the lifetime of the ESR excited state thatV€iSS-type increase from room-tempe(atureil(jown to about
increases at lower temperatures so that’. decreases. Be- 10 K. This behavior is clearly reflected in the ~ vs T plot

low 130 K, AH_, increases again and ggturates at a valud’ the inset of Fig. &), so that).((T) can unambiguously be
AH,,=1050G below 50 K. This increase originates from attributed to the paramagnetism of thd électrons. The

the sf indirect exchange interaction as will be demonstrateacu”e'weISS parameters in the paramagnetic state dare

below by comparing the ESR and magnetic susceptibilities. . 15K anduer=3.51ug. The anomalies iy(T) in the vi-

The ESR susceptibility is obtained from the intensityq cinity of the AFM transition at 9.5 K are displayed on an

of the absorption line and is defined by the linear reIationeXpandEd temperature scale in Figb) Here we mention

lesr= xesH. Herel cag represents the relative intensity of that similar magnetic susceptibility data of NdQzave re-

the ESR signal so thatess cannot be analyzed quantita- cently been publishetiwWe include our data here becauge

tively on an absolute emu/mol scale, but its temperature de¥aS measured on the same crystal and at the same orientation

pendence is of significance. The ESR susceptibility of NédGaaSﬁSR' thus a!lowingf . addirect compaiisclﬂ. followi
is displayed in Fig. &). In the temperature region between € comparison Oly and xesg Suggests tne following
room temperature and 4 K, two different regimes may beexplanatlon of the temperature dependence of the ESR line-

identified. In the high-temperature part between 300 and g¥/dth AHp, and xesg below 80 K. Thef and conduction
K [see inset in Fig. @], xesr is only insignificantlyT de- electrons are coupled through teé exchange so that one

pendent, at best with a smalecreasdowards low tempera- observes an enhanced susceptibility of the conduction elec-
tures. Below 80 Kyggg Starts to increase in a Curie-Weiss- trons of the form

like manner[Fig. 3(b)]. The behavior o in the highT _

regime can,[to% 900(]1 approximation, &Eggcribed to%he Pauli Xesr= X[ 1+ C(T)xarl. @
paramagnetism of conduction electrons with the susceptibilHere y. is the conduction-electron susceptibility in the ab-
ity of the form x.= u39(sr), whereg(eg) is the density of sence of exchange with tHeelectrons andC(T) is the sf
conduction electron states at the Fermi level. Such a Paulcoupling constant that may be temperature dependent. Upon
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© H
g 0.8+ ] ESR experiments were performed in a relatively high field
g with the center of absorption at 3400 G and can thus not give
o 04 i the answer to this question. To clarify this point we per-
; .. formed an experiment where the sample was placed in a dc
e eetteennnenns SQUID magnetometer at 4.2 K and was magnetized with a
0.0 srecesseece o field of 100 G. After the equilibrium was reached, the field
(') ' 2'0 4'0 6|0 was suddenly turned off and the time decay of the magneti-
T (K) zation was recorded. The magnetization decayed to exact

zero(Fig. 5) in a time of less than 2 s, demonstrating that no

FIG. 4. (a) Bulk magnetic susceptibility of an NdGa mono-
crystal (010] axis parallel to the magnetic figldneasured in a
fleld H=500G as a function of temperature. The inset shows the
x~ ! vs T plot. (b) The low-temperature part of(T), exhibiting P
anomalies in the AFM phase.

cooling the 4-electron susceptibility increases in a Curie-
Weiss manner and once it is large enough, it provides the
dominant contribution to the intensity and width of the
conduction-electron ESR line via tlef coupling. The cou-
pling induces an enhancement of the conduction-electron
susceptibility so that th& dependence ofgsg[and C(T)]
below 80 K predominantly follows that ofy,s. The
f-electron magnetism is thus observed indirectly via the en-
hancement effect on the conduction electrons, probed by
ESR. Our results therefore demonstrate the importance of
exchange interactions and their influence on the magnetic
phenomena observed in Nd&aHere we mention that the
ESR spectrum width saturates already at 50 K, i.e., far above
the AFM transition, and no further changes are observed on
crossingTy . This suggests that the external magnetic field
of the ESR experiment induces partial polarization of the
moments and smears out the AFM phase transition. This
smearing seems also to be responsible for the fact that fine
details in the magnetic susceptibiligy below 10 K are not
mirrored in xgsg-

In view of the reported weak ferromagnetic compofient
that is claimed to coexist with the AFM order at tempera-
tures below about 5 K, one is faced with the question
whether the FM component represents a true ferromagnetic
state with spontaneous local magnetic fields or whether these
fields are induced by an external magnetic field. In a system
with a large magnetic frustration like Ndgathe second

possibility is likely to occur as already small external fields GHz) absorption at zero magnetic field in the magnetically ordered

remanent magnetization exists in zero field at this tempera-
ture.

Another interesting phenomenon detected in our ESR ex-
eriments below the AFM transition, is the appearance of
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FIG. 6. ESR signals showing a nonresonant microwéé

may induce a significant moment polarization. The abovephase of NdGa
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nonresonan{9.6 GH2 microwave absorption at zero mag- absence of exchange one expects to observe resonances of
netic field. In this experiment the ESR magnetic-field sweeghe conduction electrons as well as those of ftleectrons
started at zerdin fact not exactly at zero but at a value of for the given CEF energy-level scheme. The presence of the
about 20 G, determined by the residual field of the magne$f exchange increases the Zeeman splitting of the energy
poles and the microwave absorption in the sample was oblevels so that thé&-electron resonances are shifted outside the
served in a narrow range of the order of a few ten Gaus&nge of theX-band experiment. This was indeed observed in
around the field zero, thus in the regime where the ESRNdG& where only the conduction-electron resonances have
resonance condition is not fulfilled. This nonresonant absorpP@en detected. At low temperatures the spectrum width and
tion was observed below, (Fig. 6) in the magnetically the ESR susceptibility are dominated by thé exchange

ordered phase of NdGawhereas it was absent above. Suchinteraction. The 4-electron Curie-Weiss susceptibility,
nonresonant absorption was previously reported in raredives the dominant contribution to the intensity of the
earth-containing canted antiferromagnétIhere this effect ~conduction-electron line via thef coupling and enhances
was attributed to the spontaneous moments that undergo r1€ conduction-electron susceptibility so that thelepen-
orientations upon a temperature change and respond quasf&nces ofxgsg and thesf exchange coupling parameter
tatically to alternating magnetic fields at microwave frequen-C(T) below 80 K follow approximately that of4s. The
cies. It is due to some kind of low-energy magneticf-electron magnetism is thus observed indirectly via the en-

excitations. Similar arguments are likely valid also for ex-hancement effect on the conduction electrons.

plaining our observation on NdGaThe complicated mag- ~ Magnetization measurements with a SQUID magnetome-
netic structure, however, prevents us from giving a more®€r havg demonstrated that t_he origin of the reported ferro-
detailed description of this phenomenon at present. magnetic component at low is not from a true FM state.

Instead, the magnetization is field induced and decays to zero

after switching off the external magnetic field. A nonreso-

nant microwave absorption, reported previously for canted
The results of our ESR measurements have demonstratestiferromagnets, has also been observed in Ndt&dow

the importance of the exchange interactions in Nd@athe  Ty.

V. CONCLUSIONS
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