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Specific heat of anS=3 Heisenberg ladder compound Cu(CsH,,N,),Cl, under magnetic fields

M. Hagiwara and H. A. Katori
RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama 351-0198, Japan

U. Schollwak
Sektion Physik, Ludwig-Maximilians-Univergitslinchen, Theresienstrasse 37, 80333nighen, Germany

H.-J. Mikeska
Institut fir Theoretische Physik, Universttédlannover, Appelstrasse 2, D-30167 Hannover, Germany
(Received 1 December 1999

Specific heat measurements down to 0.5 K have been performed on a single crystal sample of a spin-ladder-
like compound Cy(CsH4-N,),Cl, under magnetic fields up to 12 T. The temperature dependence of the
observed data in a magnetic field below 6 T is well reproduced by numerical results calculatedS@r%he
two-leg ladder withJ,yng/Jieg=5. In the gapless region abew T (H.y), the agreement between experiment
and calculation is good above about 2 K and a sharp and a round peak were obsemnwe?l Kétoa magnetic
field around 10 T, but the numerical data show only a round peak, the magnitude of which is smaller than that
of the observed one. The origin of the sharp peak and the difference between the experimental and numerical
round peak are discussed.

[. INTRODUCTION The compound CHpC has been studied extensively for
several years by various experiments such as magnetic
Recently, there has been considerable interest in quantugusceptibility;”** magnetizatiot?~** NMR,*>!® ESR}**/
spin systems with a spin gap above the singlet ground statépecific heat?'®*°and neutron scattering measuremefts.
One of the examples studied extensively are one-dimension&fom these experiments, CHpC has the singlet ground state
Heisenberg antiferromagnetdDHAFS) with integer spin  With an excitation gap of about 10 K and the gap collapses at
values, especially spi§) one, which is associated with abou 7 T (Hcy) and the saturation field is about 13 ).
Haldane’s predictiod.Now, these studies extend those of the ThiS compound has an advantage of study on the gapless
S=1 antiferromagnetic bond alternating chafisAnother ~ SPin liquid phase under magnetic fields, becadggandH.,
case isS=1 two leg spin-ladder which is investigated as an are easily accessible fields with a conventional superconduct-

intermediate system between one- and two-dimensiondwpgr;n(";lgrr:gtl'J S;’SC_I'_f'g hl—?::nnr;?a?;tuglelrgg?s L'In %rgazgSn_?_tg: field
systemg:® Spin-ladder systems have been sFudied in relatiorbalemczuketpal.lg In i/he present péper wepexteﬁd the sype-

o the I—!a_ldane problem on one haridand hlghil'c' SUPET™  cific heat measurements under magnetic fields up to 12 T
conductivity on the other harftP Most of the spin-ladder

. . beyond the symmetry fieldHg, [=(HatH)/2] and
systems investigated so far are copper oxitiéne of re- compare the experimental results with those of numerical

markable things is that a lightly hole doped two leg ladder

o o ) and analytical calculations.
exhibits superconductivity under high presstifeas ex- The format used in this paper is as follows: In Sec. II,

pected  theoretically. On the other hand, spin-ladder-like experimental and theoretical details are described. Experi-
copperlz_cl:gmplexes GUCsH1N,)oCly (abbrewsgg)d 85 mental results of magnetic susceptibility and specific heat
CHpC, and KCuC4 and its family compoundS™*?have  ner magnetic field§H) are reported in comparison with

been also studied extensively. These compounds except f@bme numerical calculations in Sec. Ill. A sharp and a round

NH,CuCl; (Ref. 21 have the singlet ground state and be-peak observed at low temperatures in the gapless region are
come gapless at a certain magnetic figtl.{). The features jiscussed in Sec. IV.

of this gapless region at low temperatures have attracted
much interest because the field induced long range ordering

(LRO) in TICuCl; (Ref. 22 has been interpreted as a Bose- Il. EXPERIMENTAL AND NUMERICAL DETAILS
Einstein condensation of magnadfisThis matter was origi-
nally argued by Affleck’ that the ground state abowé,, Powder samples of CHpC were synthesized according to

may be regarded as a Bose condensate of the low enerdlge method reported in Ref. 26. Equimolar amounts of 1,4-
boson. Besides, the dimensionality is expected to appear iiazacycloheptane El;,N,) and CuC}-2H,O were dis-
the power-law dependences of thermodynamic quantities osolved in warm methanol (60 °C) ifd h and left at room
temperature, when approaching the quantum critical point byemperature for two days. Single crystals of CHpC were ob-
application of a magnetic fieft’. Furthermore, in the quan- tained by the slow evaporation method from a methanol so-
tum critical region above the LRO temperature, we can indution of powder samples of CHpC. We obtained samples
vestigate the feature of Tomonaga-Luttingek) liquid fora  with 2X2x 1 mn? in typical size.

quasi-one-dimensional antiferromagf&t’ CHpC crystallizes in the monoclinic system and belongs
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FIG. 1. A schematic view of the chain structure of 0-0000
Cu,(CsH1,N,),Cl, and the exchange pathways. Broken lines rep-
resent hydrogen bonds and ellipsoides shaivi®le orbitals of
copper.

20 40 60 80 100
Temperature (K)

FIG. 2. Temperature dependence of magnetic susceptibilities of
g . a single crystal of Cy(CsH,N,),Cl, along the chain direction
to the P2;/c space grouf® The lattice constants ang ([101]). The solid line represents calculated susceptibilities for the

angle at room temperature ara=13.406(3) A, b S=1 Heisenberg spin ladder with the fitting parameters shown in
=11.454(2) A,c=12.605(3) A, and8=115.042)°. CU  the panel

dimeric units are linked to the neighboring ones via hydro-
gen bonds along thl01] direction. The upper panel of Fig. shown are fully converged both in the number of states kept

1 shows a schematic view of the chainlike structure alongaind the Trotter number. For implementation details of the
[101] of CHpC. Broken lines in the upper panel show the method, see Ref. 29.

hydrogen bonds and the ellipsoids around the copper atoms
represent the @ hole orbitals. In the lower panel of Fig. 1,
possible pathways of the exchange interaction between the
neighboring C&* spins are depicted. The exchange interac-
tion on the broken pathway must be much weaker than those A. Magnetic susceptibility
on the other pathways because of the configuration cf 3
copper anld B chlorine.orbitals, thus considering this system ¢ magnetic susceptibility of a single crystal sample of
as theS=3 two leg spin-ladder. _ CHpC along the chain direction. A hump which is typical of
Magnetic susceptibilitiesN/H) were measured with & 5y dimensional antiferromagnets is observed around 10 K
SQUID magnetometer(Quantum Design's MPMS2in 514 the susceptibility steeply decreases with further decrease

RIKEN. Specific heat measurements down to 0.5 thndebf temperature toward 0 K. No increase of the susceptibility
magnetic fields up to 12 T were performed with Mag Lab  4ye 1o magnetic impurity or crystal defect is observed in this

micro calorimete(Oxford Instrumentsinstalled at the same  gample. The solid line in this figure is a fit of the calculated

place. The relaxation method was employed so that we useg;sceptibilities to the experimental ones with the fitting pa-
only one single crystal with 4.3 mg in weight. Numerical o meters of 9=2.1, Jung=131 K and J=2.62 K

calcu_lations_ were dor_1e _by the temperature-dependeru]mnguleg:5)_ The agreement between numerical and ex-
density-matrix-renormalization-grouOMRG) method for  herimental susceptibilities is excellent. Evaluated values and

_ l_ . . . . . . i
the S=; two-leg Heisenberg spin-ladder with a spin Hamil- the ratio of the exchange constants are close to those esti-
tonian written as mated by other group$:2®In the following comparison of

N/2 2 N2 specific heat, we use the same fitting parameters.

H:‘]rungjzl S.L,j . SZ,j +Jlegi§1 121 Si,j . Si,j+1

Ill. EXPERIMENTAL RESULTS AND COMPARISON
WITH CALCULATIONS

Solid circles of Fig. 2 shows the temperature dependence

B. Specific heat atH=0 T

, In Fig. 3, filled circles represent raw specific heat data.
_gMBHZ S (1) usually the lattice part of the specific heat is evaluated from
! the specific heat of a nonmagnetic isomorphous compound.
where J,,q and Jie4 are the exchange constants along theBut no isomorphous compound with nonmagnetic atom like
rung and the leg, respectively aBgd; anS= ispinonthdth  Zn exists. In order to get the magnetic contribution of the
leg, thejth rung,g the g-value of copperug the Bohr mag-  specific heat, we subtract the lattice paCi.(;.e) Of the spe-
neton andH the external magnetic field. As we use a transfercific heat from the raw data in the standard way, assuming
matrix approach, it is free of finite size effects. To be moreC e~ T° at low temperatures. The broken line in Fig. 3 is
precise, the temperature-dependent DMRG approach usedtise lattice part of the specific heat with a coefficient of 0.004
a density matrix renormalization of a quantum transfer ma{J/K Cumo) which is not far from those evaluated in other
trix for the full ladder problem. While the spatial dimension copper complexege.g., 0.0048 for (CK),CHNH;CuCk
of the problem is taken care of by the transfer matrix, thugRef. 3Q]. Open circles show the subtracted results, namely,
eliminating finite size effects, a Trotter-Suzuki decomposi-magnetic part of the specific heat and we see a round peak
tion of the partition sum terme™#" generates a second di- due to the short range ordering around 5 K. The solid line
mension, which is being renormalized by the DMRG. In thisrepresents the specific heattld=0 T calculated with the
procedure, we kept up to 100 states in the effective statsame fitting parameters as the susceptibility fitting. The cal-
space and considered Trotter numbers up to 800. All resultsulated specific heat satisfactorily agrees with the observed



PRB 62 SPECIFIC HEAT OF ANS=3; HEISENBERG LADDER . . . 1053
S 5 T T T T s ' ' '
e Jrung/ke=13.1 K o ot e o0 ¢ 00 ® 40F HY [101] (a) -
8 4 Jrund Jleg=5 ’,_/ aol ]
X H=0T 4 ) %
% 3 - - MM b
- e Rawdata M\
3 I A Lattice 2.0 © H2T(Ew
O o ’ = H=4T(Exp)
T o Experiment s H=6T (Exp)
L Calculation 1.0 H=2 T (Cal) .
=y - J 0 &80 |- H=4 T (Cal)
) o1 &L e H=6 T (Cal)
q) - -
ol -
N gl ocofldac-o- | | I
0 2 4 6 8 10

Temperature (K) R

o]

FIG. 3. Specific heat as a function of temperaturédatO T. &
Filled circles are raw specific heat data and a broken line represents =
the estimated lattice part of the specific heat. Open circles show the o
magnetic specific heat. The solid line represents the specific heat ¥
calculated for th&s= % spin ladder with the same fitting parameters =2
as the susceptibility.

mag

Q
one. (Note that a deviation of the calculated specific heat

from the experimental one arodi® K probably arises from
the evaluation ofC e, Namely,~ T2 is inadequate at high
temperature$.At the temperature below the round peak, an
exponential decay due to a spin gap is observed. We fit the
specific heat data at low temperatures to an expression of
Cumag~ T~ ¥2 exp(~A/T) to evaluate the energy gap. This ex-

pression is deduced in the low temperature limit for the

strong coupling caseJ(y,g/Jieg=5) approximating the dis-
persionJ g+ Jieg COSQ Whereq is the component of wave
vector transfer along the chalfThe fitting result is drawn
as the solid line in Fig. 4 with the fitting parametér
=10.9 K, which is very close to the value Gf;ng—Jieg

(=10.48 K).

C. Specific heat atH#0 T

Filled symbols in Figs. &), 5(b), and 5c) show the mag-
netic specific heat data for magnetic fields belbly, be-
tweenH.; andHgy,, and aboveHs,,, respectively. In Figs.
5(a), 5(b), and %c), a hump is observed abew K ateach

5.0

In [ Cmag T3/2 ]
I I
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FIG. 4. Specific heat al=0 T in the plane of IfC,gT>?] vs

1/T. The solid line is the result of a fit to the equation

~T%2 exp(—A/T) with A=10.9 K.

0.0 | | | |

Temperature (K)

FIG. 5. Temperature dependence of the specific heat under the
designated magnetic fields aloff01] direction. The solid, broken,
and dotted lines are calculated specific heat data for the correspond-
ing magnetic fields.

designated magnetic field. Moreover, we observed two peaks
below 2 K nearHg, in Figs. §b) and §c). Details of this
low temperature part are depicted in the upper panel of Fig.
6. We obviously see two peaks, a sharp and a round peak at
the magnetic field above 8.5 T. In this figure, we plot the
specific heat data under 10.5 T for simplicity. Figure 7 shows
the magnetic field dependence of the specific heat. Two
peaks are observed below 0.82(&hly one peak at 0.61 K
because of our instrumental limitatiprvhereas no peak is
observed at 0.87 K. We plot these two peaks at low tempera-
tures in Figs. 5-7 in the plane &f vs T of Fig. 8. Plotted
points are almost symmetric Bit,,.(~10 T) for both peaks.
Next, we compare the experimental data with the numeri-
cal ones. Solid, broken, dotted lines in each figure of Fig. 5
represent the numerical specific heat data for the designated
magnetic fields. In Fig. &), the agreement between experi-
mental and numerical specific heat is excellent over the en-
tire temperature range up to 9 K. In Figgbband 5c), the
agreement between experiment and calculation is good
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Q 5 9H— H=9'T _ abow 7 T in the nagnetic field vs temperature plane. Filled circles
n ' —=—H=95T and open squares correspond to the sharp peaks and the round ones,
E:}gg-r respectively. Solid lines are guides for the eye.
compared to the experimental one. The magnitude of the
calculated peak is almost a half of the observed one.
Entropy of this sample is calculated from the specific heat
data shown in the upper panel of Fig. 10 for the designated
magnetic field. Correspondingly, we show the calculated en-
tropy for the corresponding magnetic field in the lower panel
0.0 T T T N R of Fig. 10. Similar tendency of the entropy is observed in

' both figures. With increasing the magnetic fields, the entropy
0.5 0.7 0.9 1.1 1.3 1.5 . - .
becomes higher at low temperatures. This behavior is oppo-

Temperature (K) site to that in a paramagnet.

FIG. 6. Details of the specific heat as a function of temperature
at low temperatures below 1.5 K abokk; . IV. DISCUSSION AND CONCLUSIONS

First let us discuss the origin of the sharp peak observed
above 2 K, while the large deviation is seen below about 4n the experiment. Usually, the sharp peak is thought to be
K. In the lower panel of Fig. 6, calculated specific heat datacaused by magnetic long range orderitdR0),*’ but it is
are displayed for the magnetic fields corresponding to thoseontroversial for the case of a spin ladder; for example, it
in the upper panel. The tendency of the calculated round®redicts a field dependence of the transition temperature
peak to shift with change of fields is similar to the observed(Camel-type structujecontrary to experimental observations
one, but the magnitude of the peak is much smaller than thfiromendary-type - structure Recently, Nagaosa and
of the observed peak. We show in Fig. 9 the magnitude Of\/lurakam? argued that a lattice |nstab|I|.ty in the spin Iaglder
the round peak as a function of magnetic field. The field atS €xpected to occur above,, . From their study, the lattice
the calculated maximum peak slightly shifts to the lower sidedistortion occurs in the spin ladder at an incommensurate

3.0 T T T T

—_ 3.5 T T T T T
o

- | ——T=0.61K =
> O | =R g T |
O 25 | —T=087K §
X o
= 2.0 < 2.0 ]
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8 1.5 2 —o— Calculation

1.0 E

= ) //D'—ﬂ\\n
8 05 H //[101]
(X 1.0 | | | |
W g0 L ' ' ' L 8 9 10 11 12 13

6 7 8 9 10 11 12 Magnetic field (T)

Magnetic field (T)
FIG. 9. Magnitude of the round peak as a function of magnetic
FIG. 7. Magnetic field dependence of the specific heat along théield. Filled circles and open squares represent the magnetic specific
[101] direction for the designated temperatures. Solid lines areneat data for experiment and calculation, respectively. Solid lines
guides for the eye. are guides for the eye.
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FIG. 10. (a) Entropy as a function of temperature calculated ~ " Cmag Vs 1/T. The solid line represents a fit of the experimental
from the observed specific heat data for designated magnetic field§ata to an equatiorexp(—yvo/T). (b) Specific heat data at 10 T in
The entropy at the lowest temperature of about 0.5 K is evaluated d§€ Plane ofCpqqvs T The SO?!'d line shows a fit of the experi-
half of Cnag at the lowest temperaturé) Calculated entropy as a mental data to an equati@n+ b T® wherea andb are fitting param-
function of temperature corresponding to the experiment. Solicfters-

lines are guides for the eye. ) ) )
fermion representation. The round peak can be attributed to

the low energy excitation structure in a gapless spin liquid
t(TL liquid). As pointed out in the related context of mixed
§pin 1 and; by Kolezhuket al,*? the round peak arises from
%spinon band in the spin liquid system. They reduce the
ilbert space of the problem, keeping only the most impor-
tant states per elementary cell. In the strong coupling case of

gap of the order off. In the upper panel of Fig. 11, we fit the spin ladder, this amounts to kee.ping for each rung only
the experimental data at 10 T below the temperature at thg]e singlet and the lowest-energy triplet component around

H H 1~26,27
sharp peak to this equation and obtained fairly good agreé:'f]il’ tr_napﬁmg .tl?em to an _effec'gve spirchain>*"Then the
ment between them withyvy=2.58 K, which is however efiective Hamiftonian IS given by

wave vector corresponding to the magnetization.

For a comparison of these scenarios with our experimen
we note that the one of the experimental consequences
Nagaosa’'s and Murakami’s scenario is that a gap should a|
pear below the transition temperaturg;( and the specific
heat should behave &~ exp(—yvo/T), where yv, is the

quite far from the temperaturg; of about 0.8 K at 10 T. If N

the sharp peak is on the other hand caused by antiferromag- H=J, E (s8-8, 498, | +1/25%- &, )

netic long range ordering, the magnetic part of the specific i = TR R R

heat should go a$* due to the antiferrmagnetic magnons. N

We show the fitting result using this equation in the lower _ _ _ z

part of Fig. 11. The agreement between experiment and cal- (9128H = Jrung 1/2‘]'99);1 S 2)

culation is comparably good to the previous fitting, when we

add a constant. This negative contribution is however unexwheresf’, s/ and s are thex, y and z component of the

plained. Both interpretations are therefore not really conclueffective 3 spin. From this equation it is clear that perturba-

sive, and discrepancies remain between the possible sourciégn theory in the small quantityey/J,yng does not make

of the sharp peak and the specific heat data, calling for theense for a treatment of the regirhig;<H<H_,: For Jiq

proposal of a new transition scenario. =0 the system jumps from zero to full magnetization at
Theoretically we can discuss the round peak based on ¢ =Hc,=Jng [aS is also immediately clear considering



1056

HAGIWARA, KATORI, SCHOLLWOCK, AND MIKESKA

PRB 62

Eqg. (1) for Jigg=0] whereas the existence of a Luttinger when H>H; and for temperatures below atio K the

liquid regime with widthH ,—H¢,=3J)¢q depends only on
Jieg# 0, and is not related to the smallnessJgf;. It is also
clear fom Eq.(2) that thequalitative behavior in the Lut-

magnitude of the observed round peak differs by a factor of
about 2. The numerical calculations give quasiexact results

for the 1D Hamiltonian considered in the whole temperature

tinger liquid regime can be found by discussing the welland magnetic field range. The remaining discrepancies have

known xy limit, i.e., neglecting thes{-s{, ; term since the

essential property of a gapless spectrum is conserved. F

this remaining free fermion Hamiltonian a splitting of the
peak is expected to occlirdue to contributions from two
different spinon band§article and hole bandor magnetic
fields off the symmetry fieldH,. In experiment and in
numerical studies on the full original Hamiltonian of the lad-

der, we however observe only one peak, which is probably.
due to the large deviation of the effective Hamiltonian from

the exactly solvablexy limit, making the analytical predic-

tion of a peak split less stringent. The approximation Ieadingg
a

to Eqg.(2) can also be used to discuss further effects such
a possible diagonalnext nearest neighbpexchange inter-
action and of anisotropies. Studies of these effédead to
renormalizations of the parameters in Eg), which, how-
ever, will not be of sufficient size to influence the general
picture.

perimental and the numerical round peak has to be discusse

When calculating the specific heat, we neglected the diag
nal exchange interaction denoted joy Fig. 1. This interac-
tion can possibly affect the nature of the specific heat at lo

temperatures, but it should not allow for an effect of more
than 50 percent as observed. There must be an additional

therefore to be due to effects beyond that Hamiltonian, prob-
é\ply due to low-temperature 3D coupling and/or further de-

grees of freedongsuch as phononsas also indicated by the
3D transition.

We have observed two peaks, a sharp and a round peak at
low temperatures beto 2 K aroundHg,. The origin of the

former peak is still controversial and two possibilities are

iscussed: the antiferromagnetic LRRef. 27 and the lat-

ice instability above H;; proposed by Nagaosa and
Murakami3! The latter peak probably comes from a spinon
and in the effective Tomonaga-Luttinger liquid. A simple
nalytical fermion representation predicts moreover a weak
splitting of the round peak into two round peaks for magnetic

fields off the symmetry fieldH,,, but experimental and

numerical results show consistently only one peak. This

Ishows that on the analytical level a more elaborate analysis

of the Hamiltonian is needed to describe the round peak in

Finally, the difference of the magnitude between the ex—the 1D picture, while qualitatively the emergence of a new

I8W-temperature structure in the specific heat is well cap-
ured.
A similar DMRG calculation—for answering different
hysical questions—was independently carried out by X.
ang and L. Yu**
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