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We investigate the specific heat and magnetization of a ferrimagneig@ithl. andS= % spins in a finite
magnetic field using the transfer matrix density matrix renormalization group dowr@025). Ferromag-
netic gapless and antiferromagnetic gapped excitationd fo0 lead to rich thermodynamics fét=0. While
the specific heat is characterized by a generic double peak structure, magnetization reveals two critical fields,
H.;=1.76(1)] and H;,=3.00(1) with square-root behavior in th€=0 magnetization. Simple analytical
arguments allow us to understand these experimentally accessible fif@03G63-182898)50234-3

In recent years, one-dimensional ferrimagnets with alterferrimagnetic ground state gives the following two disper-
nating spins gS and S have attracted considerable sion “branches” (all energies, temperatures and fields are
attention'~® The Lieb-Mattis theorem reveals the character-measured in units oaJ=1):
istic feature of ferrimagnets: the ground state of a ferrimag-
net with N elementary cells of two spins is a macroscopic ™ (q)=(5—4 cosq+1)/12+H. 1)

spin of !engthNS(g—l). While the interaction is antiferro- Spin wave theory gives eigenstates S, ; thus the only
vn\:iztir?nl\%gli-litcs glriozrrfelf:a;? |;erszm;rl1§jsstr:§llosf ?nfserg)lzr;a?:gf?ect of an external field on a one-particle excitation carry-
g g€ all Spins. ing magnetizationt 1 is the Zeeman term introducing a gap
guantum fluctuations, the classicaldstate is not exact, but APM(H)=H to the FM excitationsw—, while the AFM
the macroscopic magnetization of the ground state maker?ranchw* is reduced in gapAAFM(H)ziAAFM(O)—H
Spin wave theory appllcable, €ven in one (Ijlm_en3|.on. . In linear spin wave theoryn-particle excitations carrying
Spin wave _thec_)r‘°yy|elds two types of excitations: starting magnetizationt=m are simply linear superpositions of
z:ol\% g?g?;i“éigﬁgtﬁﬁ(sgt; %s)tétetgev(/(iath ar;eag;ee:triozg]t?tglgtlc one-particle excitations. As the field acts only through the
. ) Zeeman term, it is sufficient in this approximation to con-
—1)—1 (Goldstone modegs and antiferromagnetiCAFM) PP

o . . sider a one-particle excitation to study field effects.
ialpped excitations to states with magnetizatid8(g—1) At H=AAFM(0), AFM excitations become gapless, al-

o . lowing spin-up flips at no energy cost, such that the simple
h T_hes? tt;]/vo excﬁ:_ltlohn ;)i/:pes Le?ﬁ toa cro\:;%c_)l\_;erslvrg Ct:he ber'esult M(T=0)=0.5 breaks down. Using the numerical
avior ot tné specific negl, and the susceptibiiity. v value for the gapA =1.759, rather than the spin wave result,
shows an AFM mean field peak at intermediate temperature@e conclude that there is a first critical field ,=A(H
and a FMC, o /T behavior forT—0. y<T~* for T—o, but —0)=1.759, above whici (T=0)>0.5 ¢
-2 . . y .
shows a FMT = divergence af —0. . Second, for a fieldd=A(H=0)/2 (i.e., He,/2) low tem-

At finite field all dispersion relations are shifted and the j ., /o magnetizatioM (T) should be constant witiT
grOL_md state degeneracy IS lifted, such that expenment_a_ll hile it is monotonically decreasing wifh for H<A/2, ana
easily observable _changes In the thermodynamic quE';mt't'eﬁ‘lonotonically increasing witil for H>A/2. This is be-
S.hOU|d oceur. In this paper we dBCUS? the expected obs_erv ause the dispersion relations of the harmonic spin waves
tions and provide very precise quantitative results obtaine creasing and decreasing magnetization become identical at
mainly by the transfer matrix density matrix renormalization

_group_(Dl\/_IRG),7'8 hoping to stimulate further experimental thliizggrvspl)lijr?.wave analysis based on the fully polarized
Investigation. state yields a dispersion relation
We consider the generic @), ferrimagnet withgS=1
and S=3. For this case, the AFM gap in zero field is nu- 3 1 N
mericaII; found to be AAFM(0)= 1.729;? @ (q)=H-5*5 y5+4cosq=H~ w5 (@), (2
Analytical resultsThe introduction of a field terril=; S’
leaves all eigenstates invariant, while shifting the eigenenemhere o *(q) is the two-branchea@xact FM one-particle
gies byHS,,;, whereS,,, is the total magnetization of the excitation: both excitation branches reduce magnetization.
eigenstate. Linear spin wave analysis based on the classidaelow a second critical fieltH.,=3, one dispersion branch
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FIG. 1. C, vs T for fieldsH=<0.4.
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FIG. 3. C, vs T for H close toH;;=1.7§1).

acquires negative energy, such that a breakdown of thetill gapless and gapped, respectively. This analysis gives a

simple resultM (T=0)=3/2 is predicted foH<H_,.

Let us now consider the specific he@,(T) should ac-
quire a generic double-peak structure for low fields 9

fields (see Fig. 2 show exponential activation d¢, with a

double-peak structure fo€,. With increasing field, the
double-peak structure is smeared out and the two peaks
merge into one. With further increase of the field, the system

<Hg;, because two gapped excitation modes exist: Boththanges discontinuously into the fully polarized state.
gapped antiferromagnets as well as ferromagnets in external The existence of two critical fieldsl ., (up to which the

round state magnetization persjisésmdH., (which marks

pronounced peak, whose position is related to the gap or fiel

size. Peak positions should thus shift withto higher(FM
contributio and lower (AFM contribution temperatures
because of the Zeeman term. At the critical fields, where th
gapless excitation has the forme<q?, C,=\T is expected

for T—0.

Another analysis for low fields can be obtained from
studying the decoupled-dimer limit, useful in thé=0
case’® every second interaction is switched off, yielding a flat
dispersion, but the FM and AFM elementary excitations ar
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FIG. 2. C, atH=0.05 for a ferrimagnetdotted, DMRQ and a
S:% ferromagnet(solid, DMRG). To a very good approximation,
the difference in specific hedatlashed can be identified as AFM
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e beginning of full polarizationin the ferrimagnet is
analogous to the finite field behavior of te=1 (Haldane

chain. In both systems the characteristic property of gapped

excitations existing for both §H<H_ and forH>H,
breaks down at the critical fields; in spin wave theory this is
indicated by an instability of an arbitrary number of spin
waves(spin wave condensatiprAs for theS=1 chain(Ref.

9) we expect the occurrence of a critidgdluttinger liquid)
hase in the intermediate regirig,<H<H,,. This phase
should resemble dcritical) anisotropic Heisenberg chain
with the anisotropy determined by the magnetic field; power
law correlation functions as well as a linear behavior of the
specific heaC,= yT (with yrelated toH) are expected. The
ferrimagnetic chain, however, having two spins per unit cell,
is richer than theS=1 chain and the interplay of two el-
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FIG. 4. C, vsT for fieldsH>H =1.7§1).
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1.75,1.9,2.4,2.8,2.9,3.0,3.1,3@om the lowest to the highest external field

curve. FIG. 7. Magnetization veH for T=0.025,0.05(DMRG), T

o =0.08,0.1,0.15(quantum Monte Carlo, to show consistency of
ementary excitations leads to new crossover phenomena bgrthods. Curves approach singular behavior for-0.

tween high and low field behavior in both specific heat and

magnetizqtion. i ) . particle excitation. If this is true, as is plausible and generally
The spin wave approach thus results in an interestingssymed, the valud,,=3 for the upper critical field is ex-
qualitative picture, but evidently it suffers from a number of act (since the corresponding one particle excitation energy is

deficiencies. The results for the non-Zeeman part of the exaxacy: this appears likely although a formal proof is not
citation energies from the ferrimagnetic ground state is only,y5ijable.

approximate, the stiffness of the FM excitations is overesti- Transfer Matrix DMRG ResultsSo obtain quantitatively
mated, and the gap energy of the AFM excitations is underygjiaple values for the specific heat and the magnetization,
estimated(Ref. 2, for quantl_tatlve estimates the numer_lcal the recently proposed transfer matrix DMBR@as applied to
values should be used. Spin wave theory does not yield ge problem. Essentially a decimation procedure applied to a
peak for the specific heat as the harmonic approximatioyantum transfer matrix, it maintains the advantages of the
implies dC, /dT>0 for an arbitrary density of states; how- gyantum transfer matrix method such as working in the ther-
ever, for small fields, it gives an unusually high at very  modynamical limit, and allows the evaluation of very large
low T, consistent with a second loW-peak. Trotter numbers, giving reliable access to thermodynamics at
The p_redictions of spin wave theory for the cri_tical fields very low temperatures. In the problem under study, most
as described above, further rest on the assumption that mqhteresting observations can be made at very low tempera-
tiparticle excitations do not become unstable before the ongyre: in the critical regiom ; <H<H_, the absence of finite

size effects is of advantage.

0.60 e The (controlled approximation of the DMRG rests on
058 | ] keeping a reduced state space. We find that keelgirg80
states yields almost exact resultote that we overestimate
0.56 - . the specific heat by several percent at higher temperatures,
: due to coarse DMRG sampling at high sampling tempera-
0.54 1 ~ ‘ tures are spaced by 3=0.2), excluding the casel=0,
c o052 | e i where the very high FM degeneracy makes it necessary to
2 R push the method much furth®r.
£ 050 T e s T T T In the specific heat per elementary cell, a two-peak struc-
=) . i ture evolves for small fields, with the high-temperature AFM
£ 048 f H=0.80 — ;
_ H-os88 peak moving to smaller temperatures and the low-
046 L - -- H=0.90 | temperature FM peak moving to higher temperatufés.
-~~~ H=0.92 1). Using for a first rough estimat€,=x? cosh?x, x
044 — = n=00 1 =JA/2T, leading toA~2.4T ¢, , One finds for the high-
042 | | peak a zero-field gap.,~1.7Q) in reasonable agreement
’ with the numerically observed gap\ &1.759); it shifts
0.40 : ] linearly and almost proportionally witll to lower T. As
0.00 0.10 0.20 0.30 0.40

Fig. 2 shows, the lowF peak is almost identical with that of

a S=13 ferromagnet; the “remaining” specific heat can be
FIG. 6. T independence of the loW-magnetization for mag- attributed to AFM excitationgthis naive comparison is of

netic fields close to half the critical field ., =1.761). course not perfect, but renormalization effects are surpris-

temperature
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ingly weak. For H>0.2, the two peaks merge into one; a Ref. 9 for equivalent observations in Haldane magnéter
shoulder forH=1.6 indicates the emergence of a secondT—O0, we find thaf M(H) — M (H,;)]? becomes linear it
peak (Fig. 3). For H>H., a two-peak structure emerges close toH.;. As the system is critical at this field, working
again(Fig. 4). In the intermediate regimid;;<H<H., the  with the transfer matrix DMRG, which is in the thermody-
expected linear behavior of the low temperature specific heaiamic limit, is preferable to conventional DMRG, which
is clearly observed for fieldd =2.0,2.4. For magnetic fields would suffer from finite-size effects and possible metastable
close to the critical values our results seem to indicate gapping® due to extensive level crossingsHt; and im-
behaviorC,o T for T-0. mediately above. Numerically, we locate the upper critical
Considering the magnetization per elementary cell, ongie|q atH_,=3.001), in excellent agreement with the ana-

1 — 1 — i 1 i . . - .

finds forH <H_, thatM =3 at T=0. How this magnetization |ytical result. Again, a square root behavior in the approach
is reached for a fixed fielti, is due to a competing effect of {5 the maximum magnetization can be observed.
magnetizing interactions and thermal fluctuations. For high Conclusion.We have shown that the properties of a fer-

gﬁmagnet in a weak external field can be understood qualita-

hetization. For f'EIdS. belowH=0.88, demagnetizing FM ._tively and in some cases even quantitatively in an extremely
fluctuations cost less in energy and also suppress magnetiza-

tion. For higher fields, magnetizing AFM fluctuations will Slmzlirslztfutrﬁ.e Zzsitgggr??gfrlﬁztfgﬁer:g r:i];lefgtrsaflh ﬁeﬁjusal
increase magnetization. One observes therefore an interm 0 tization is dominated by th ? tical field '
diate magnetization peak before thermal fluctuations agai € magnetization 1S dominated by the two critical Tields,

suppress magnetizatidiig. 5. We observe an almost flat Wich can be understood as pure Zeeman effects. The
magnetization curve up t6~0.2 atH~0.88, in excellent Luttinger-like critical phase in between, with square root di-
accordance with the predictidi¥ig. 6). ' vergences in the magnetization, needs consideration of

We find the lower critical field (Fig. 70 at H.,, many-body effects for understanding. The presented finite-
=1.761), theferrimagnetic magnetization a&=0 is bro-  temperature properties, in particular the low-field behavior of
ken up atH=H., with M(H)—M(H.)*VH—H. (cf.  C, should be accessible to experimental verification.
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