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Kondo effect in a quantum critical ferromagnet
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We study the Heisenberg ferromagnetic spin chain coupled with a boundary impurity. Via Bethe ansatz
solution, it is found thati) for J>0, the impurity spin behaves as a diamagnetic center and is completely
screened by 8 bulk spins in the ground state, no matter how large the impurity spiii jghe specific heat
of the local compositéimpurity plus 2S bulk spins which form bound state with ghows a simple power law
Cioc~T¥2 (iii) for J<O0, the impurity is locked into the critical behavior of the bulk. Possible phenomena in
higher dimensions are discuss¢80163-182¢09)02521-7

Kondo problem or the magnetic impurity problem in an critical ferromagnet is the Heisenberg system in reduced di-
electron host plays a very important role in modernmensions §<2). These systems have long-range-ordered
condensed-matter physics. It represents a generic nonpertiground states but are disordered at any finite temperatures
bationable example of the strongly correlated many-bodylue to the strong quantum fluctuations. In this paper, we
systems. Recently, with the development of research oftudy the critical behavior of an impurity spin coupled with a
some low-dimensional systemand the observation of un- Heisenberg ferromagnetic chain. The model Hamiltonian we
usual non-Fermi-liquid behavior in some heavy fermionshall consider reads

compounds, the interest in this problem has been largely N—1
renewed. The multichannel Kondo probféprovided an ex- H= — l E

. X K e = ) (Tj‘0'j+1+~]0'1‘81 (1)
ample of impurity systems which show non-Fermi-liquid be- 23

havior at low temperaturésin a Luttinger liquid, the impu-
rity behaves rather differenfly from that in a Fermi liquid where g is the Pauli matrices on sig N is the length of
and may interpolate between a local Fermi liquid and soméhe chainSis the impurity spin sited at one end of the chain,
non-Fermi liquid’ Some quantum critical phenomena haveandJ is a real constant which describes the Kondo coupling
also been predicted in some integrable mo&él&enerally between the impurity and the host. The problem is interest-
speaking, these findings indicate that the quantum impurityng becausei) the model is not conformally invariant due to
models renormalize to critical points corresponding to conihe nonlinear dispersion relation of the low-lying excitations,
formally invariant boundary conditiortd.Another important ~ €(k) ~k?, andp(e)~ ' and represents a typical quantum
progress is the study on the Kondo problem in Fermi systemgfitical system beyond the universality of the conventional
with pseudogap? i.e., the density of states(e) is power-  Luttinger liquid; (i) the Hamiltonian is very simpléwithout

law dependent on the energy,p(e)~e. With  any superfluous terjyand allows exact solution via algebraic
renormalization-grougRG) analysis, Withoff and Fradkid ~ Bethe ansatZ’ In fact, most known metho#$ developed for
showed that there is a critical valde for the Kondo cou- the impurity problem in a Luttinger liquid cannot be used for
pling constantJ. For J>J., Kondo effect occurs at low the present system due to the strong quantum fluctuations.
temperatures, while fal<J., the impurity decouples from  Let us first summarize the solution of Ed.). Define the
the host. We note that all the quantum critical behaviord-ax operator (\)=\+i/2(1+ ;- 7), wherer is the Pauli
mentioned above only occur fdr—0 and therefore fall into Matrices acting on the auxiliary space ands the so-called
the general category of quantum phase transitténs. spectral parameter. For the impurity, we defihg,=\

In an earlier publication, Larkin and Mel'nikov studied +i(1/2+S-7). Obviously,L;. and L, satisfy the Yang-
the Kondo effect in an almost ferromagnetic méfawith ~ Baxter equation(YBE).*® It can be easily shown that the
the traditional perturbation theory they showed that the im-doubled-monodromy matrix
purity susceptibility is almost Curie-type with logarithmic )
corrections at intermediately low temperatures. However, the T:(N)=Lns(N) -+ Li(M)Loy(N—ic)
critical behavior of a Kondo impurity in a quantum critical ; o
ferromagnet has never been touched. The main difficulty in XLoAN+ic)LyAN)---LnaAN) 2
approaching this problem is that almost all perturbation tech:

. . g . satisfies the reflection equation
niques fail in the critical regime and exact results are ex-

pected. As discussed in some recent wdfie critical be- Lo ) T.00L o O )T ()
havior of the impurity strongly depends on the host
properties and seems to be nonuniversal. Typical quantum =T ()L, N+ )T, (ML (A= ). 3
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From the above equation we can show that the transfer ma- 1 25 25-n
trices(\)=Tr,T(\) with different spectral parameters are Hl=— T > S|
commutative] #(\),6(u)]=0. Therefored(\) serves as a N (c—32)°—=S [c=(n+1)/2]°=(S—n/2)

generator of a variety of conserved quantities. The Hamil-
tonian Eq.(1) is given by
H=(i/2) (= D)N(/aN) O\ |y—o+ L (N+1—-J), (4 When HI<H<H]*', only a boundary (8—n)-string sur-

. , , _ vives in the ground state and whett>H2S any boundary
with 35=81/[C —(S+1/2)°]. Following the standard string becomes unstable. Notice that-at H?, the ground-
method™® we obtain the Bethe ansatz equatiAE) state magnetization has a jund =1, which corresponds
Ni—il2\2NN—i(S+c) N\i—i(S—¢) to some type of quantum phase transition. The finite value of

i j i 1 o A
Nti/2) NTi(Stc) N +i(S—c) H; indicates that the zero temperature susceptibility of the

y ! ! local singlet is exactly zero.

M Nj—N—i NN Thermal BAE Since we are interested mostly in the criti-
=1 -, (5 cal behavior, we considef,H<H} and J>0 case in the
4] Aj ! )\j +N+I . . . .
following text. In this case, any excitations breaking the
with the eigenvalue of Eq(1) as boundary string can be plausibly omitted due to the energy
gap associated with them. With the standard thermal Bethe

n=12,...,5. (8)

M
1 ansatz’ we derive the thermal BAE as
EQ\D=2 - 5(N-1)+Js 6) .
T In(1+ 7,) Zﬁa”()‘)+nH+2 Apdn[1+ 7,1 0M)1, (9)
n = n ,
where\; represent the rapidities of the magnons amdhe n T =1 " m

number of the magnons.

Ground stateIn the thermodynamic limit, the bulk solu-
tions of \; are described by the so-calledstrings™’ How- In 7.(N) = (7/T) g(N)+G In[1+ 75(N)],
ever, due to the presence of the impurity, some boundary
bound states may exist far>S, which are usually called the N 7,(N) =G{In[1+ 7,1 (M) ]+In[1+ 5,1 (M)]},  n>1,
n—k strings*® (10

A'=i(c—S)+im, m=kk+1,...n. (7) lim (In 74/n) = H/T =2x,,

n—o

or equivalently,

In the ground state, only sonme-0 strings may survive. We
call them boundary strings. In our case3=0 has also an
upper boundn<2S—1 since\j=*i(c+9S) are forbidden
as we can see from E¢G). No bulk strings can exist at zero
temperature since they carry positive energy. Boundar
bound state can exist only fa>S+ 1/2 (antiferromagnetic
Kondo coupling because in this case, the boundarstrings
carry negative energy. For zero external magnetic field, the F=Fpuikt Fimp»
most stable boundary string has the length & \&ith the

where a,(\) =n/27[ N2+ (n/2)?], Apnp=[m+n]
+2[m+n—=2]+ --- + 2[[m=n| + 2] + [|m—n|]; g(\)
=1/2 cosh@\); 5,(\) are some functions which determine
the free energy of the system; afd] and G are integral
%perators with the kernebs,(\) andg(\), respectively. The
free energy is given by

energy e,s=2S/[S?— (c—1/2)?]. Therefore the impurity B 1 f

contributes a magnetization efS. Such a phenomenon can Foun=Fo= | N+ 3T | g0} In[1+7,(0)]

be understood in a simple picture. Due to the antiferromag-

netic coupling between the impurity and the bulls Bulk _ 2ma (\)+H dn (11)
spins are swallowed by the impurity at zero temperature to T '

form a 2S+ 1-body singlet. This singlet does not contribute e

to the magnetization of the ground state. In this sense, the _ , 1

impurity is completely screened, no matter how large the F"“F’_ET“EI f $a(MIN[1+ 7, 7(A) JdA,
impurity moment is. Such a situation is very different from _

that of the conventional Kondo problem, where the impuritywhere anm(\)=3M0mNg (), dh(N)

moment can only be partially screened by the host wlen =a, s(A—ic+i)+a,s(A+ic—i); Fo is the ground-
>S' (S the spin of the host particled® This difference is  state energyfp andF;y,, are the free energies of the bulk
certainly due to the different properties of the hosts. In the(including the bare boundarand the impurity, respectively.
antiferromagnetic spin chain or a normal metal, the spin corNotice that Eqs(9) and(10) are more difficult to handle than
relation of the bulk is antiferromagnetic-type which repelsthose of the antiferromagnetic chdihsince here ally,, di-
more than one bulk spin or electron to screen the impurityverge as for T—0. These equations were solved
However, in a ferromagnetic spin chain, the bulk correlationnumerically?® in studying the critical behavior of the ferro-
is ferromagnetic which allows and in fact enhances somenagnetic Heisenberg chain. In addition, Schlottmann gave
bulk spins to form a larger moment to screen the impurity.an analytical result based on a simple correlation-length
The local singlet is nothing but a bound state &agnons.  approximatioR® and the result coincides with the numerical
The boundary string may be broken by the external field. Irones very well. As we can see from E@8) and(10), when
fact, there are 3 critical fields: T—0, n,—. To arrive at the asymptotic solutions of
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7,(\), we make the ansatz,(\) =exg27a,(\)/T]¢,. Sub- whe_reAmn is the ke_rnel ofA,,. For smalln<n?, up to the
stituting this ansatz into E¢10) we readily obtaing,~1 for  leading order, we find that thef term of {,(\) is exactlyn

finite n and\. Therefore times of that ofZ;(\). From Eq.(15) we easily derive
2ma,(\) Ximp= — 2Sxpuikt+ Subleading-order terms, (17)
oo ) o 2t subleadng orcer tems. |
T where ypu~ T 2In"Y1/T) is the per-site susceptibility of

the bulk?>?! Very interestingly, the impurity contributes a
negative susceptibility, which indicates an interesting Kondo
‘diamagnetic effect. That means the Kondo coupling domi-
nates always over the “molecular field” generated by the
1 bulk ferromagnetic fluctuations. Notice that Ed7) is only
— 1+O(—e‘“>. (13)  the contribution of the bare impurity. If we take the screen-
T ing cloud (25 bulk spins which form the bound state with the
) ) _ impurity) into account, we find that the total susceptibility of
For intermediate\ andn we have a crossover regime. We tng |ocal singlet is exactly canceled in the leading order. That
call Eq. (12) the strong-coupling solution, while E¢L3) is  means the polarization effect of the local bound state only
the weak-coupling solution. By equating them we obtain twogccyrs in some subleading order, which indicates a strong-
types of crossover scales,(n) for smalln andn(T): coupling fixed point)* =, In fact, the local singlet is much
1/2 more insensitive to a small external magnetic field as we
discussed for the ground state. WhHes- 0, its susceptibility
must tend to zero due to the bound energy as shown in Eq.
1 (8). We note that the present method is not reliable to derive
~— ' (14) the total susceptibility of the local singlet but the above pic-
4TIn(1+n;)  4TInT ture must be true. The same conclusion can be achieved for

which characterize the crossover of the strong-coupling rez_irbitrary_q>0. .
Specific heat of the local composita the framework of

gime and the weak-coupling regime. Notice that the Strongoa_‘e local Fermi-liquid theory® the Kondo effect is nothing

On the other hand, whexr— o or n—oo, the driving term in
Eqg. (10) tends to zero. This gives another asymptotic solu
tion of 7, for very largex or n:t’

_sintP[(n+1)xo]

Y .
¥ sint? xq

n
Ac(”)”(4T|n(1+n)

Ne(T)~

coupling solution gives the correct ground-state energy an : .
the low-temperature thermodynamics is mainly dominate ut the scattering _effect of the rest bulk p_artlcled;—(ZS)
. ) . . off the local-spin-singlet composite or equivalently, the po-
by the weak-coupling solutioff. With such an approxima- o : )
larization effect of the local composite due to the scattering.

tion, the recursion forp, can be performed by substituting . L
the asymptotic solutions into the right-hand side of E3). L%lgre]g t:aenbt?:rr\g@rr)i/ttsétrr:r;%nto account, the BAE of the bulk

and therefore the leading-order correction upon the
asymptotic solutions can be obtained. In the following recur-
sion process, we adopt the strong-coupling solution in the
region of A<\, andn<n., while the weak-coupling solu-

2(N-29) MIESN =N =i NN -

)\j—|/2 :ei‘b(}‘j) ! !
| ] )\]_)\|+| }\]+)\|+I,

NERTE

tion is adopted in other cases. This corresponds to an abrupt (18)
c]rcotismt/ﬁr, Wh(ijch does not a{fte_zct t_helterg_peratudre delfetnt?wer)ce sy NTI(EFS=1) N+i(c=S—1) (A +if2 4s
of the thermodynamic quantities in leading orders but their €' =— — — — ,
amplitudes. For convenience, we defing,(\)=In[1 AFi(C+S=1) A=i(c=S=-1)\A=i/2 (19

+7,(\)]—[2m7a,(\) +nH]/T, which are responsible for the
temperature-dependent part of the free energy. where ¢(\) represents the phase shift of a spin-wave scat-
Low-temperature susceptibility of the impurifyor con-  tering off the local compositéboundary bound stateWhen
venience, we considerc2=integercase. Taking the bound- S=1/2c¢—1+0"% or J— +%,¢$(\)=0. That means one of
ary string into account, the free energy of the impurity can behe bulk spin is completely frozen by the impurity and the

rewritten as system is reduced to ahl—1-site ferromagnetic chain.
1 WhenS=1/2,1<c<3/2, only ;(\) is relevant and the free
FimpZETJ IO [ Laeros2(N) energy of the local composite reads
—SgN2¢—2S—2){|5c-25-2/(M)JdN.  (15) Floc= —Tf gLV = 3 L(N—ic+i)
Substituting the asymptotic solutions E¢$2) and(13) into — Lo (N +ic—i)]d\. (20)

Eg. (9) and omitting the exponentially small terms, we obtain
Whenx,=0, we have

Ne

~E 2 2
M= 2 I 1+ oy |~ 3% L= 3 L —ic+i)— F L(n+ic—i)
x fw +ffx0(m) Amd(A—\")d\’ 16— 1)2T925 nE In[ 1+ —————
Ne(m) — o mn T m=1 m(m+ 2)

+2n.In[sinh(1+ n,)xo/sinhncx,] , (16) xm~ Y2021+ m)+ . ... (21)
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The sum in the above equation is convergent for large

Therefore we can extend it to infinity, which gives the 1ow- [ Cipp~ T2 ximp~ — (T%InT)~

temperature specific heat of the local composite as
CIocN-l—alz- (22)

A similar conclusion can be arrived for arbitrag/and J
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perature, the critical behavior is locked into that of the bulk
119,20
Similar phenomena may exist in higher dimensions. The
antiferromagnetic Kondo coupling indicates a local potential
well for the magnons. Therefore some bound states of the
magnons may exist in the ground-state configuration, which

>0. As long as the Kondo coupling is antiferromagneticindicates the formation of the local spin-singlet. In this sense,
(c=S+1/2), the low-temperature specific heat of the localthe impurity behaves as a diamagnetic center. Whei®,
composite is described by E€R2). There is a slight differ- the Kondo coupling provides a repulsive potential to the
ence between th8=1/2 case and th&>1/2 case. For the magnons and no local bound state can exist at low-energy
former whenJ— o, the local singlet is completely frozen scales. The impurity must be locked into the bulk.

and C,,—0, while for the later even whed—», C, In conclusion, we solve the model of a ferromagnetic
takes a finite value. This can be understood in a simple picHeisenberg chain coupled with a boundary impurity with
ture. ForS>1, more than one bulk spin will be trapped by arbitrary spin. It is found that as long as the Kondo coupling
the impurity. Even forJ—«, only one bulk spin(on the s antiferromagnetic(i) the impurity spin behaves as a dia-
nearest-neighbor sitean be completely frozen and the rest magnetic center and is completely screened 8yalk spins

is still polarizable via the bulk fluctuation. We note the spe-in the ground state, no matter how large the impurity spin is;
cific heat of the local singlet is much weaker than that of the(ii) the specific heat of the local compositspurity plus 25
Kondo impurity in a conventional metal. This still reveals bulk spins which form bound state with ishows a simple
the insensitivity of the local bound state to the thermal acti-power law Cj,.~ T2 We note that for a finite density of
vation. Though the anomalous power law E2p) looks very  impurities, the local bound states are asymptotically ex-
like that obtained in the Luttinger Kondo systefiithey are  tended to an impurity band of the magnons, which is very
induced by different mechanisms. In the present case, thisimilar to that of a ferrimagnetic system. The critical behav-
anomaly is mainly due to the strong quantum fluctuationior may be different from that of the single impurity case.
while in the Luttinger liquid, the anomaly is in fact induced When the impurity densitp;~ 1/(2S), we expect a spin sin-

by the tunneling effect of the conduction electrons throughglet ground state.

the impurity®24%°

For the ferromagnetic coupling cas&<0), no boundary
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