PHYSICAL REVIEW B VOLUME 61, NUMBER 1 1 JANUARY 2000-I

Crystal field, magnetic anisotropy, and excitations in rare-earth hexaborides

Gennadi Uimin
Landau Institute for Theoretical Physics, Chernogolovka, 142432 Moscow Region, Russia

Wolfram Brenig
Institut fir Theoretische Physik, Technische UniversBaaunschweig, 38106 Braunschweig, Germany
(Received 1 March 1999; revised manuscript received 4 June) 1999

We clarify the role of crystalline electric fieldlCEF) induced magnetic anisotropy in the ground state and
spin-wave spectrum of cubic rare-earth materials with dominating isotropic magnetic exchange interactions. In
particular we study the hexaboride NgiBhich is shown to exhibit strong spin-quadrupolar coupling. The CEF
scheme is analyzed and a noncollinear magnetization response is found. The spin orientation in the antiferro-
magnetically ordered ground state is identified. Moreover, the spin excitations are evaluated and in agreement
with inelastic neutron scattering a suppression of one of the two magnetic modes in the strong-coupling regime

is predicted.
INTRODUCTION 1=V +9/2)+v,|+1/2) +v3| - 7/2),
Over the past two decades cubic rare-earth hexaborides 1 =W,|+5/2)+w,|—3/2), (1)
RBg (R, rare-earth elementvith CaBs-type crystal structure
have been at the center of numerous studies of materials with i =V =9I2) vy = 1/2) + 5|+ 712),
crystalline-electric-field(CEF) driven, nontrivial ordering
phenomena. Among these compounds, £6&8g., Ref. 1 | =Wq| —5/2)+wy|+3/2). 2

serves as a prototypical system which exhibits an impresthe coefficients/; andw; are derived from the Stevens op-
sively complex phase diagram. In this material the CEF Oferator formulation of the CEF Hamiltoni&mising the CEF
cubic symmetry selects tHeg quartet to be the ground state parameters reported in the literatdrEor NdB; one finds

of the Cé" ions (7=5/2). The latter quartet is well sepa-

rated from the next-highegt; doublet by an energy gap of v,=0.1437, v,=-0.3615, v3=0.9212,
the order of 540 K Thus, on a low-energy scale, the physics
of CeB; is reasonably well described by projecting onto the w;=—0.9223, w,=0.3865. )

I'g subspace. Similar systems with; ground states can be The states in Eqg1) and(2) have been labeled such that the
realized Starting from the right side of the rare-earth SerieSSecond index denotes a “Spin”-”ke projection, whereas the
i.e., invoking compounds of cubic symmetry with ¥bor first index stands for two “orbital”-like components which
Tm?* ions, whose incomplete shell contains 13 electron or reflect the different shapes of the electron wave functions.
one f hole. In accordance with Hund'’s rule and contrast toThis leads to a description of the quartet in terms of two
the Ce case, however, tH&; basis has to be constructed Pauli matriceso and 7:81°
from a J=7/2 multiplet, breaking direct electron-hole sym- , .
metry thereby_ oY=t 1/21[/,.4: v O Y=,

In this paper we will focus on the hexaboride NdB\I- _ + _
though investigated in detail experimentally by inelastic neu- TYeo=E Uy, Tz o
tron scattering(INS),3# the anisotropy of the magnetically Now the magnetic-moment operator can be represented in
ordered state below the temperatdig of orderTc~8.6 K  terms ofo and 7 by
(Refs. 5 and #remains unclear as well as the existence of
only a single magnetic mode as observed by INS. The aim of M =up(é+29T)o, (@=XY,2). (4)

our work is to consider these open issues. HereT is a vector with components

1 V3 1 V3
CRYSTALLINE ELECTRIC FIELD h=—5nt 57 Ty==57 5 T.=7, )

The CEF level scheme of the Sl*d multiplet (three f\yhich transforms according to tHe, representation.
eIectronsJ=29/2, S= 3/12, andL =6) is consistent with the Evaluating the 7=9/2 angular momentum matrix ele-
sequence I'?)(0 K)-T'§P(135K)-T'5(278K).> Similar 0 ments in thel'y basis(1) and comparing with Eq(4) the
CebB; the energy gap separating the lowest quartet is larg@ajues of¢ and 7 for NdBg are obtained as
enough to restrict the Hilbert space E(gz) only. The basis
states of thid"g manifold are £=-0.661, n=-6.857. (6)
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This identifies NdB as a system with strong coupling of the Lower Greek indices of and the spin operator refer x vy,
magnetic and quadrupolar degrees of freeddm¢|&|). z and boldface vectork denote the momentum. We use a
Note that forl'g states with oné electron(hole) £andyare  spin operator rescaled by !, i.e., Sy=M u/(gug7).
universal and dmotdepend on the CEF splitting parameters. Therefore the dependence of the magnetic spectrum on the
For Cé", £é=2 and»=8/7; for Yo" and Tnf*, é&=—8/3  CEF can be expressed solely in terms of the rgtig. To

and »=—32/21. Therefore CeBand possible Yb and Tm evaluate Eq(10) we proceed via a mean-field analysis con-
candidates exhibit rather weak spin-quadrupolar couplingistent with AFM orderingon a bipartite lattice. Rather than

with a characteristic parametey/ (2¢) =2/7. employing the Pauli-matrix representafiotf of Eq. (10) we
perform this analysis using a dyadic basis to express the spin
EXCHANGE ANISOTROPY operator within thd"g manifold?
In this section we clarify the spin orientation in the mag- 1
netically ordered ground state. Most likely, the dominant in- Su=—S""(al’’+bl"),
teraction in NdB is of isotropic magnetic exchange type. V2
However, due to thé'g ground state, a CEF induced mag-
netic anisotropy exists whictlepends on the ratié/ . This , 2 KRy
can be understood by considering the single-ion Zeeman in- al’= NER: € ag”, 1D

teraction, i.e.,— X _H_, M, in an external magnetic fielt.

InsertingM , from Eq. (4) one obtains a &4 matrix which  where a summation over repeated indices is implied for the
is easy to diagonalize with eigenvalues remainder of this papeih(” is defined analogous taf*”
with, howeverR—R’, and

A==+ x| |\ (37712 - 287) ~ 3F(n) (12— 28),
(7 ak’=|uR)(vR|, b&a’=|uR"}vR’| (12)
measured in units ajugH/2. This clearly manifests a cubic

anisotropy through the functioR(n): are the dyades on sités (R’) of the magnetiA (B) sub-

lattice.|u) are the eigenstates of taecomponent of the spin
F(n)=n;‘+n§+n§, n=H/H. (8 in the 'y manifold S,_,|u)=s,|u). The spin should be

) _ ) _ _quantized along (againsthe [111] direction of the Weiss-

The anisotropy results in a noncollinearity of the magneticia |4 on theA (B) sublattice sitesS"” are the matrix ele-

field and the magnetization for any general orientatioi of ments of the spi . oo
: N pin corresponding to the latter quantization
Exceptions are the directiora11], [110], and [001] and direction. The dyadic transition operatag” and bf” with

their crystallographic equivalents. Energetically favorable —1 4 can be recast into a 32-component operator
states are related either to the cubic af@901] type), if ’U‘;Zl 32 (1) (B8) (L), s (4] (o b b
Ay =gtV (44 p(1D (44 with a corresponding

|7|<2|€|, or the cubic diagonals[111] type), if |7 ) ok
>2|¢|. The anisotropy caused by the CEF disappears, ip2< 32 matrix susceptibility of thé\; operators

| 7|=2|€|. Therefore, we may conclude that Te Yb®",
and Tnt" I'g compounds tend to exhibit “easy axis” anisot-
ropy [7/(2¢)=2/7), whereas for N& in NdBs we have o original magnetic susceptibility10) can be obtained

77/(2.5).%5'19 which results in “easy diagonal” an?sotropy. from this by projecting the dyades onto the magnetic mo-
Within a mean-field treatment of the exchange interactior}, ¢

XM (KD =10 (O AL, ALT). (13)

-2 ISk Sk s 9 1

25, TSy © Xas(k0)= 3 X (DG, 14
whereJgg: is the exchange integral aig the spin at sitdR,
the magnetic field in E¢(7) and(8) has to be replaced by the Where — Cri=vg'vi  with  vAZg 2= {ShD (49,
Weiss fielddo(S)/(gus) With Jo= g/ Jrs: if ferromagnetic  S{" 4 is a 32-component vector for each spin compo-
exchange is dominant. The Landactor in NdB; is g nenta.
=8/11. For bipartite antiferromagnetistAFM), the Weiss To proceed we evaluate the equation of motiB@M) of
field on sublatticeA is proportional to—Jo(Sa)+J:(Sg)  the dyadic susceptibility:
with Jo1y=(—)Zr/Jrr’ for R andR’ on equal(opposite

sublattices. On sublattid®, one should replacA« B. ™ (k,t)=—S(t)([Af ,AET])
Therefore, in conclusion, we expeftl1l] orientational . u ot
ordering in the ground state of NgBf isotropic exchange FIOM(IAL. HLATD. (19

interactions are dominaft. In this paper we concentrate on the spin dynamics for next-

neighbor(NN) AFM exchange couplings only. Therefore,

settingJ#%/g? to unity the Hamiltonian in terms of the dy-
In this section we focus on the spin dynamics by consid-2des reads

ering the time-dependent magnetic susceptibility

MAGNETIC EXCITATIONS

_ voho VIWAO
XS (KD =10 (O([Sul1),S5 1) (10) H=2 Si"S.7ak"bRT), (16)
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wherel runs over the NN sites dR. The real-space repre- overall prefactor of 2 only. After some algebra we find that
sentation of the commutator on the right-hand side of theD andN are determined by five parametexsb, c, d, and
EQM is evaluated using the algebra of the dyades, yieldinge through

w—a 0 —C —e
[ag" H1=2 (S"ak”—Serag")Siobply. (17 e T
[ 5 0 w—b —ey, —dy

An analogous expression results on Bisublattice. On the Cyk —€eyw Wwta 0
mean-field level the EQMs are closed by factorizing all qua- —ey  dy 0 w+b
dratic terms in Eq.(17) according to the schem&ﬁ”bg‘,’
=(ak" by, +ak"(bk7). Moreover, “up” (“down”) [111] c -e ¢ e
polarization on theA (B) sublattice is enforced by setting 1l e —-d e d
N=— : (24)
<a,LRLV>: 5,4.L15Vl’ <blRLZ/>:5'u45V4- (18) Z| —C e —C —e

In momentum space the linearization results in )
with w=w/z and

a=S(s?-sih, b=Si(s-SD),
c=848¥ d=-S16" e=-5!3%=cd. (25
With this the longitudinal spin susceptibility of E¢R3) is

where z is the coordination number anzgy=%e"". A gptained readily as
similar equation arises fdrb{”,H] introducing two addi-

[ak” H]=28(S) 0"~ 80" )ay”
+ 2y (88 = S5 S\ by

= 2L L DY), 19

tional 16x 16 matrices_{42” andL{3;”. Switching to fre- < Z(k,w)/z

quency space the EQMs can be solved as Xoo(K @)= W) Wewl)’ (26)
1 2

S _ — el v
Xap(k,0)= =Tl (01=2L) "'x]“'[Cpa]*", (200 \where the weight factoZ (k,w) given by
where boldface symbols refer to matrix notation in a 32 _ 2 2
Z(k,w)=2[ac—bd—(c—d
X 32 spacel is set byL{j"i’j”‘r with i,j=1,2 labeling four (kw)=2[ac (c=d)ndw
16X 16 subblocks. Similarlyy, consists of four subblocks +(ad—bc)[ab+(ad—bc)y], (27)

X6 with xE27=0  and  x§iio= 877 o*H M)
_ }\M501(4)6V1(4).

Equation(20) allows for substantial simplifications. First,
all diagonal dyades, i.ea(b);*, commute withH. Second, 4 w2[ (c—d)2y, — (a2+b?)]+a2b2—(ad—bc)2y,=0.
the linearized form of Eq(17) for the nondiagonal dyades, (28)

i.e., fora(b){” with w# v, is diagonal with respect tpv

and the excitation energiesw, (k) are being set by the
roots of the biquadratic equation

and remains local for nearly all pairgv. This follows from 0.8 ]
the identity
0.6
S, s =0. (21) 0.4
The only set of dyades which couple dispersively via the 0.2
EQMs is
0.0
Bgzl ..... 4:{al((1,2) 'a(ks’l)ibl(<3’4) 'b(k4’2)}i (22) NE 06
and the corresponding Hermitian conjugate B@f ' 41 5 04
From the preceding discussion it is conceivable that the com- )
plete spin dynamics can be expressed in terms of the physi- 502
cally relevant dyades B 4" only. In fact, after some 0.0
elementary rearrangements of the matrix EQM), the lon-
gitudinal spin susceptibility, which, due to cubic symmetry, 0.6
is identical to the three-trac,eia(k,w), simplifies to 0.4
Xoo(K,w)=—Tr[D"IN], (23 02| /o 101
0.0 ‘ ‘ 0.0

where the dynamical matrik and the static susceptibility-
matrix N are identical to[ (w/z)1—-L,] and x,C,./z re-
strictedto within the four-dimensional subspace spanned by
Eq. (22). The complex conjugate dyad&j’r introduce an FIG. 1. Dispersion and weight of spin excitations.

(LLY k[ (0,0,0) (1,0,0) k[x] (0,0,0) (1,0,0)
(1,1,1)

it}
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In Fig. 1 the dispersion as well as the weigRt x(Kk) or Yb compounds which show “easy axis” anisotropy.
:Xia(kiw)(w_wl,Z(k)|w=w12(k) of the two positive- The magnetic anisotropy leads to a noncollinkars H
frequency modes is depicted along a path in the Brillouinoehavior and it is tempting to speculate that angular-
zone(BZ) ranging fromk=(1,1,1) t0(0,0,0 to (1,0,0 for dependent magnetization measurements on the correspond-
various values of the anisotropy raié». This figure clari- ing RE cubic compounds, as well as diluted systems, e.g.,
fies the concluding issue aimed at in this paper, i.e., théa;_,CgBg, should be able to detect this behavior.
observation of only &ingleexcitation mode in NdB Based We have evaluated the magnetic excitations in the AFM
on the eigenvalue&’) two excitations of comparable energy state of an “easy diagonal” type using a dyadic operator
are expected in the Weiss field of the AFM stateédyy  approach. For systems with strong spin-quadrupolar coupling
<1. However, Fig. 1 shows that only a single mode carrieshis method is superidto less controlled pseudoparticle de-
significant weight at smal§/ . Furthermore, in agreement scriptions which are applicable to the weak-coupling system
with the spectrum of a single-ion pseudospii+3/2, the  CeB; and are based on the conventiorelr Pauli-matrix
system exhibits a single-mode spin-wave-like excitation atepresentatiorf4). In accordance with the number of inde-
the isotropic point Z= 7. Only for intermediate anisotropy pendent Pauli matricer and 7), we find two branches of
do both modes show sizable weight at any given point in thepin excitations. However, the spectral weights in the two
BZ. magnetic channels are very different in a strongly coupled
spin-quadrupolar system. In fact, in tée= 0 limit one chan-
CONCLUSION nel disappears completely. This is reminiscent of the INS

In summary we have considered rare-eaf®E) com-  data on NdB (Ref. 4 which display only one branch of spin
pounds of cubic symmetry with Bg-quartet ground state of €xcitations. Although derived by a linearization of the EQMs
the RE ions. Particular emphasis has been put on th&e believe that our results are quite robust against nonlinear
hexaboride NdB Analyzing the CEF splitting we have Ccorrections since the spin-wave spectrum in the nonisotropic
identified NdB; to be a genuine example of a system with case is gapful. This should diminish the relevance of quan-
strongly coupled magnetic and quadrupolar degrees of fredum fluctuations.
dom. Finally, regarding a direct comparison to experimental

We have studied the CEF induced intrinsic magnetic andata we note that NdBdisplays &0,0,1/3 wave vector of
isotropy superimposed onto an isotropic exchange interadhe AFM modulation. This requires the inclusion of longer-
tion revealing that NdBshould display magnetic anisotropy range exchange interactions which have been neglected in
of a different type, i.e., “easy diagonal,” as compared to Cethis paper. These will be studied elsewhére.
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