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Spin-resonance modes of the spin-gap magnet TlCuCl3
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Three kinds of magnetic-resonance signals were detected in crystals of the spin-gap magnet TlCuCl3. First,
we have found antiferromagnetic resonance absorption in the field-induced antiferromagnetic phase above the
critical field Hc . This resonance frequency is strongly anisotropic with respect to the direction of the magnetic
field. The field dependence of the induced order parameter is determined. Second, we have observed the
microwave absorption due to the transitions between the singlet ground state and the excited collective triplet
states. Finally, the thermally activated resonance absorption due to the transitions between the spin sublevels of
the triplet excitations was found. These sublevels are split by the crystal field and external magnetic field.

DOI: 10.1103/PhysRevB.69.184410 PACS number~s!: 75.10.Jm, 75.50.Ee, 76.50.1g
du
er
d
d

ta
th
ri

e
h
e

d
ta

i

e

hu
h
h
on
ge
e

nd
e
e
in
re

an
o

si
in
n

nce

en-

ro-
ide
ng
ic
5

w-

ions
-

tic-

etic
nce
their
near
he
xci-
one
mi-
the
nd

the
The
ar-

ys-
I. INTRODUCTION

The spin-gap magnets have been intensively studied
ing last decades because of various quantum-disord
states found there. The spin-gap structures were foun
one-dimensional~1D! antiferromagnets such as dimerize
spin S51/2 chains, including spin-Peierls magnets,1 spin S
51 chains,2 spin ladders,3 and in dimer structures.4 While
the disordered ground states of spin-gap systems are s
with respect to a weak interchain exchange or anisotropy,
spin-gap systems demonstrate an antiferromagnetic orde
induced by weak doping5 or by a strong magnetic field.6

Impurities destroy locally the spin-gap state and restor
local antiferromagnetic order around impurity atoms. T
overlapping of these ordered areas in the presence of a w
interchain exchange results in a long-range magnetic or
Magnetic field closes the spin gap, making an ordered s
possible. The spin-gap magnet TlCuCl3 is a unique com-
pound demonstrating both an impurity-induced ordering
zero field7 and a field induced ordering in pure crystals.6,8

The crystals of TlCuCl3 have a dimer spin structur
formed by theS51/2 spins of Cu21 ions. The dimers con-
struct infinite double spin chains coupled to each other, t
the system is a strongly coupled 3D dimer network. T
spin-gap spectrum of excitations was found in Ref. 9. T
structure of exchange interactions, derived from neutr
scattering experiments, is described in Ref. 10: the stron
antiferromagnetic exchange is within the chemical dim
Cu2Cl6 ~5.68 meV!, the spin-gap value is 0.65 meV.

The field-induced antiferromagnetic ordering was fou
in a magnetic fieldH.Hc;50 kOe in measurements of th
magnetization.6 Formation of the field-induced long-rang
magnetic order was confirmed by neutron-scatter
experiments.8 The transition field has a strong temperatu
dependence.6,11 This dependence, unexpected in the me
field theory, was qualitatively described in the model
Bose-Einstein condensation~BEC! of magnons.12 The appli-
cability of the BEC model to the field-induced phase tran
tions in the spin-gap materials is rigorously valid only
case of rotational symmetry around the field direction. O
0163-1829/2004/69~18!/184410~9!/$22.50 69 1844
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of the consequences of rotational symmetry is the existe
of the gapless Goldstone mode above theHc .

High-frequency magnetic-resonance measurements13,14

have demonstrated directly the field dependence of the
ergy gap, but were limited to the fieldsH,Hc and a few
number of microwave frequencies. The energy of ze
momentum magnetic excitations was measured in a w
range of magnetic fields in the neutron-scatteri
investigation.15 The closing of the spin gap in the magnet
field H5Hc was confirmed, but the excitations below 0.7
meV ~176 GHz! could not be resolved atH.Hc because of
the strong magnetic Bragg reflection. Thus, no lo
frequency response was found in the field range aboveHc ,
and it was suggested that the energy of the lowest excitat
is zero atH.Hc , in accordance with the BEC model pre
diction.

In the present paper we describe the detailed magne
resonance study of the single-crystal samples of TlCuCl3 in
the range of microwave frequencies 9–80 GHz, in magn
fields up to 80 kOe. We detected the magnetic-resona
signals in the field-induced ordered phase and measured
frequency-field dependences, which appeared to be nonli
and strongly anisotropic with respect to the direction of t
magnetic field. This observation evidences that lowest e
tation in the field-induced ordered phase is non-Goldst
mode. Besides, in the low-field range, we observed the
crowave absorption due to the transitions between
ground state and the excited triplet states. Finally, we fou
electron-spin-resonance~ESR! signals of the thermally ex-
cited triplet excitations. This kind of resonance is due to
transitions between the spin sublevels of triplet states.
evolution of triplet split spectrum to a single exchange n
rowed line was observed.

II. SAMPLES AND EXPERIMENTAL DETAILS

The crystals of TlCuCl3 have monoclinic symmetry with
the space groupC2h

5 (P21 /c). The twofold axis is denoted
asb. The axesa andc form an angle of 96.32°.

The sample growth is described in details in Ref. 6. Cr
©2004 The American Physical Society10-1
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tals have cleavage planes (010) and (102)̄. During our ex-
periments we have mounted crystals in the following mu
ally perpendicular orientations with respect to the magn
field: Hi@010# (b axis!, H'(102̄), andHi@201#. The@201#
direction forms an angle of 51.4° with thea axis and an
angle of 44.92° with thec axis. We have used single crysta
with the volume of about;20–50 mm3. The crystals are
hygroscopic, and a hydrated phase was present on the su
of the samples, giving a parasitic paramagnetic resona
signal, this signal grew when samples were exposed at o
atmosphere.

ESR spectra were taken by means of a set of home m
microwave spectrometers with transmission-type cavi
and a superconducting magnet. The frequency range of
apparatus is 9–100 GHz. ESR spectra were recorded as
dependences of the microwave power transmitted thro
the cavity with the sample.

III. EXPERIMENTAL RESULTS

A. ESR at different temperatures

The temperature evolution of an ESR absorption curve
the low-field range is presented in Figs. 1 and 2, the hi
field data are illustrated in Fig. 3. The absorption spectr
consists of several components with different tempera
dependences of the intensity and of the resonance field.

FIG. 1. Temperature evolution of the low-field part of the ES

spectrum atH'(102̄) and f 530.05 GHz. Lower panel represents
blowup of the data~vertical bar on both panels has the same ab
lute value!. Letters ‘‘a,’’‘‘ b,’’‘‘ c’’ denote thermally activated com
ponents of the ESR spectrum. Circles with error bars mark value
the resonance fields for components ‘‘b’’ and ‘‘ c. ’’ Absorption sig-
nal marked as PM is due to the parasitic hydratation of the sam
surface. The narrow line on the right wing of the PM signal is t
diphenylpicrylhydrazyl-mark (g52.0).
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At first, there are several components located near
paramagnetic resonance field~e.g., near 10 kOe for the mi
crowave frequencyf 530.05 GHz, as shown on Fig. 1!. The
parasitic absorption occurs in the field range marked as P
and has the Curie-like behavior of the integrated intens
The shape of this absorption curve is typical for powd
samples, with two sharp boundaries originating from t
maximum and minimum values of an anisotropicg factor.
The line shape and position of this absorption do not dep
on the orientation of the magnetic field with respect to cr
tal axes. From the intensity of the paramagnetic resona
signal of the hydrated surface we estimate the number of
paramagnetic ions in this spoiled area of the crystal as 0
from the total number of magnetic ions.

Apart from the parasitic signal, we observe thermally a
tivated resonance absorption~lines marked in order of their
resonance field increase as ‘‘a, ’’ ‘‘ b, ’’ and ‘‘ c, ’’ see Fig. 1!.
The resonance fields of these components are temper

-

of

le

FIG. 2. Evolution of the low-field ESR spectrum belowT
54.2 K at Hib, f 525.94 GHz. ‘‘b’’ and ‘‘ c’’ mark thermally ac-
tivated ESR components, ‘‘a ’’ is a weak paramagnetic signal with
g'3. Circles with error bars mark resonance fields for compone
‘‘ b’’ and ‘‘ c. ’’

FIG. 3. Temperature evolution of the high-field ESR spectrum
Hib, f 525.94 GHz. Letters ‘‘d,’’‘‘ e’’ mark spectral components.
0-2
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dependent, they become closer to each other as temper
rises and finally coalescence into a single line atT'8 K. As
expected for Cu21 ions, theg factor of this single line is
close to 2.0 and its anisotropy does not exceed 15%. At
temperature the resonance field of the component ‘‘a’’ is
close to a half of the resonance field of free spinsH f
5h f /gmBH ( f is the microwave frequency!, and the reso-
nance fields of components ‘‘b’’ and ‘‘ c’’ are located on both
sides fromH f . The splitting of the single resonance line in
several components with decreasing temperature was
served for all three orientations of the applied magnetic fie
However, the half-field absorption component ‘‘a’’ was not
observed forHib, and the component ‘‘b’’ cannot be re-
solved on the background of the strong parasitic param
netic absorption forHi@201#. The temperature dependenc
of resonance fields and intensities for thermally activa
components are given in Figs. 4 and 5. The ‘‘a’’ component
intensity is small, the most part of the ESR intensity is co
centrated in ‘‘b’’ and ‘‘ c’’ components. The intensities o
these components are slightly different~this difference is of

FIG. 4. Temperature dependences of the ESR fields of com
nents ‘‘b’’ and ‘‘ c’’ at Hib, f 525.94 GHz. Solid curves represe
exchange narrowing theory~see text!.

FIG. 5. Temperature dependence of the ESR integrated inten
Symbols: filled circles, exchange narrowed ESR line above
splitting temperature; open circles, component ‘‘b’’ squares, com-
ponent ‘‘c. ’’ Curves are guide to the eye.
18441
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about of 10% of the total intensity!. The position of the more
intensive component is orientation dependent: forH'(102̄)
the ‘‘b’’ component is more intensive, while forHi@201# the
‘‘ c’’ component conserves more then a half of the total
tensity when measured at the temperature of splitting. T
intensities of components ‘‘a, ’’ ‘‘ b, ’’ ‘‘ c’’ decrease quickly
with decreasing temperature, practically disappearing n
1.5 K.

The ESR absorption in the high-field range~Fig. 3! was
observed only at temperatures below 4.2 K. Here the abs
tion line consists of the two components marked by the
ters ‘‘d’’ and ‘‘ e, ’’ located on both sides of the critical field
Hc . Both components shift to the higher fields with tempe
ture increase~see Fig. 6!, in accordance with the increase o
the critical fieldHc .11

B. Magnetic-resonance spectra

ESR absorption lines taken at different frequencies
presented in Fig. 7. The changing of the resonance field
the components ‘‘a, ’’ ‘‘ c, ’’ and ‘‘ d’’ is visible here. Besides
these regular components there are weak componentsa ’’
and ‘‘b ’’ with a paramagnetic behavior of the intensity. W
ascribe these components to a small amount of impuritie
parasitic phases.

The measured field dependences of ESR frequencies
three perpendicular orientations of the magnetic field@Hib,
H'(102̄), andHi@201#] are given in Figs. 8–10.

The resonance fields of thermally activated componen
a, ’’ ‘‘ b, ’’ and ‘‘ c’’ increase with the increase of the micro
wave frequency. ESR lines ‘‘b’’ and ‘‘ c’’ show linear f (H)
dependences. However, the linear extrapolation of their re
nance frequencies to zero field results in nonzero values.
magnitude of the splitting between ‘‘b’’ and ‘‘ c’’ components
is of about 10 GHz. The fine details of the frequency-fie
dependences of thermally activated components measur
two temperatures 4.2 K and 1.5 K are shown in the Fig.
Note that for the observation of the ESR signals from no
interacting triplet excitations~at small population numbers!

o-

ity.
e

FIG. 6. Temperature dependences of the ESR fields for the h
field components ‘‘d’’ and ‘‘ e’’ at Hib, f 525.94 GHz. Circles,
component ‘‘e’’; squares, component ‘‘d’’; triangles, Hc(T) data
from Ref. 11. Curves are guide to the eye.
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we have to deal at the lowest temperature. From the o
side, the freezing out of the intensity of these compone
complicates the detection of signals and the measureme
resonance fields. At both temperatures the observed ESR
quencies of the ‘‘b’’ and ‘‘ c’’ spectral components may b
described well by the linear equation

f 5
gmBH

h
6A. ~1!

The fitting procedure according to Eq.~1! for temperature
independent but anisotropicg factor, and temperature
dependent constantsA results in the following values:

H'~102̄!:g52.3060.05, A~4.2 K!56.861.0 GHz,

A~1.5 K!51262 GHz

FIG. 7. ESR spectra at different frequencies forHib. Solid
lines, T51.5 K; dashed lines,T54.2 K. Intensive signals of the
paramagnetic absorption atf 576.89 GHz andf 568.32 GHz are
partially removed. Letters mark different spectral components
described in the text.

FIG. 8. Frequency-field dependences for spectral compon

‘‘ a’’–‘‘ e’’ taken at H'(102̄) and T51.5 K. Lines are linear fits
with parameters described in the text.
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Hib:g52.0660.02, A~4.2 K!54.560.5 GHz,

A~1.5 K!58.060.7 GHz,

Hi@201#:g52.0360.02, A~4.2 K!52.660.4 GHz,

A~1.5 K!53.960.5 GHz.

The correspondence of the fitting dependences and
perimentally observed frequencies illustrated in Fig. 11
quite satisfactory. Theg-factor values determined from th
fitting of the split low-temperature spectra coincides with
the experimental error with theg values measured above 1
K, as well as with theg-factor values measured in Ref.
(gb52.06, g'(102̄)52.23).

High-field absorption components ‘‘d’’ and ‘‘ e’’ differ
strongly in their frequency-field dependences. The resona
‘‘ d’’ ~to the left of the critical fieldHc) linearly shifts to
lower fields at the frequency increase. This ESR mode ca
identified as absorption due to the transitions between sin
ground state and gapped triplet states, analogous to the

s

ts

FIG. 9. Frequency-field dependences for spectral componen
c’’–‘‘ e’’ taken at Hib and T51.5 K. Lines are linear fits with
parameters described in the text.

FIG. 10. Frequency-field dependences for spectral compon
‘‘ a, ’’‘‘ c’’–‘‘ e’’ taken atHi@201# andT51.5 K. Lines are linear fits
with parameters described in the text.
0-4
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sorption observed in Refs. 13 and 14 The frequency of
component agrees well with the energy of the lowest trip
states measured by neutron scattering.15 The component ‘‘e’’
shifts to the higher fields with increasing frequency,
frequency-field dependence is nonlinear and anisotropic w
respect to the orientation of the external field. This resona
mode was not reported in previous investigations.

IV. DISCUSSION

A. ESR of the triplet excitations

The thermal activation of the absorption lines ‘‘a, ’’‘‘ b, ’’
‘‘ c’’ indicates that they are due to the gapped triplet exc
tions. The growth of intensity of these components beginn
at T.4 K correlates well with the growth of the susceptib
ity measured in Ref. 6 and with the gap value 7.7 K.
remarkable feature of the observed triplet ESR is the split
of this resonance into two components, and arising of a w
component ‘‘a. ’’

While the magnetic-resonance frequency of isolatedS
51/2 Cu21 ions is not affected by the crystal field, the co
lective excitations of a system of exchange-coupled Cu21

ions are triplets carrying spinsS51. Therefore, the
magnetic-resonance frequency of triplets should be in
enced by a crystal field. The crystal field splits magne
sublevels of a spinS51 state even at zero magnetic field16

This splitting results in a three-component spectrum, co
sponding to the transitions between different pairs of the s
sublevels.Thus, we interpret the observed lines ‘‘a, ’’‘‘ b, ’’
‘‘ c’’ as absorption due to transitions between the sublevel
triplet excitations.

The coalescence of the ESR line components at the t
perature increase corresponds to the scenario of the fo
tion of the exchange narrowed ESR line~see, e.g., Ref. 17!:
when the exchange interaction between the spins preces
with different frequencies is weak~slow exchange limit!,

FIG. 11. ESR spectra of the triplet excitations atH'(102̄), T
51.5 K ~left!, andT54.2 K ~right!. The linear contribution, corre
sponding to theg52.0 ESR is subtracted. Lines present the line
approximation~see text!.
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there are separate modes of magnetic resonance. For th
posite limit, when the exchange frequency is greater than
difference in eigenfrequencies, a single collective mode
formed, known as exchange-narrowed mode. For therm
activated spins the exchange frequency is temperature de
dent. The scenario with the transition from the slow to t
fast limit of the exchange narrowing of ESR lines was o
served earlier, e.g., in magnetic-resonance study of m
ecules with thermally activated spin states18 and at the tem-
perature evolution of the ESR spectra of the spin-Pei
magnet CuGeO3 doped with impurities.19,20 The observed
evolution of the triplet ESR lines in TlCuCl3 follows the
same scenario. At low temperatures the concentration of t
lets is small and three-component ESR of noninteract
triplets with spinS51 in a crystal field is observed. At th
larger concentration of activated spins~at higher tempera-
tures! the components merge in a single ESR line.

Starting from this qualitative consideration of therma
activated resonances we can further describe on a quan
tive level the ESR frequencies at low temperature and
temperature evolution. The ESR frequencies are explai
~see, e.g., Ref. 21! by assuming an effective Hamiltonian fo
the triplet with the wave vectork given by

Hk5mBSĝH1DkSz
21Ek~Sx

22Sy
2!1Dk . ~2!

Here ĝ is a g tensor,Dk is the energy of the triplet exci
tation with the wave vectork in absence of the magnetic
field and crystal-field anisotropy,Dk ,Ek are the anisotropy
constants. The anisotropy constants may bek dependent, as
e.g., in a Haldane magnet.22

The triplet excitations are multispin objects, hence,
symmetry of the effective crystal field should be determin
by the crystal symmetry and not by the symmetry of the lo
surrounding of the magnetic ions. Thus, one axis of the sy
metry of the effective field should be aligned along the tw
fold axis b, we note it aszib. The other two axes lie within
the a–c plane of the crystal. We suppose that thex axis is
directed along the direction of transverse spin ordering
Hib, i.e., at an angle of 39° from thea axis in thea-c
plane.8

The scheme of the energy levels of the spin-gap system
the magnetic field fork50 is shown in Fig. 12. Possible
ESR transitions are shown by arrows. These are:~i! transi-
tions between different components of the triplet,~ii ! transi-
tion from the singlet ground state to the excited triplet st
below Hc , ~iii ! transition from the ordered ground state
H.Hc to the lowest excited state.

Note that in the isotropic exchange approximation, t
singlet-triplet transitions may not be excited by the oscill
ing magnetic field, because for the states belonging to dif
ent multiplets the appropriate matrix element is zero. Ani
tropic interactions will allow this excitation. The two
quantum intratriplet transition between states withSz561 is
forbidden if the direction of the external magnetic field c
incides with one of the anisotropy axes. Wave vector se
tion rules allow intratriplet transitions for thermally excite
triplets with anyk value, thus the observed transitions b
tween the sublevels of the triplet excitations are integra

r
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over the thermally excited ensemble of the triplet excitatio
The singlet-triplet transitions may be observed only for ze
k triplets. In the ordered state aboveHc the transitions from
the ground state to the zero-k excitations are allowed.

Considering the anisotropy terms as a perturbation to
Zeeman term, in the first order of the perturbation theory o
obtains for the energy levels

E656gamBH1
Dk

2
@~z•n!211#1

Ek

2
@~x•n!22~y•n!2#

1Dk , ~3!

E05Dk@12~z•n!2#2Ek@~x•n!22~y•n!2#1Dk . ~4!

Herega is theg-factor value for the corresponding dire
tion of magnetic field andn is the unit vector parallel to the
magnetic field.

The spectrum of the observed thermally activated abs
tion should be determined by the anisotropy constantsDk ,
Ek averaged over the ensemble of triplet excitations at gi
temperature. Thus, the valuesD and E, resulting from the
averaging ofDk andEk , turn out to be temperature depe
dent. The averaged transition frequencies are

\v1,25gamBH6FD

2
@3~z•n!221#

1
3E

2
@~x•n!22~y•n!2#G , ~5!

\v352gamBH. ~6!

The resonance frequenciesv1,2 demonstrate linea
frequency-field dependences shifted upward or downw
from theS51/2 ESR frequencyv5gmBH/\. These modes
correspond to the observed ESR lines ‘‘b’’ and ‘‘ c. ’’ The
resonance field of the third resonance modev3 should be

FIG. 12. Scheme of the energy levels of the spin-gap system
the magnetic field in the presence of the orthorhombic anisotr
Arrows show possible ESR transitions: intratriplet~solid!, singlet-
triplet ~dash-dotted!, transition aboveHc ~dotted!. Hiz, k50.
18441
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equal to the half of the normal ESR fieldH f . This mode
corresponds to the line ‘‘a. ’’ The absolute value of the de
viation of resonance frequencies 2pv1,2 from the free spin-
resonance frequencygmBH/h for one of the three arbitrary
mutually orthogonal directions of the external field equals
the sum of the absolute values of deviations for two ot
directions. This relation is valid for the measured deviatio
A, confirming that the observed splitting is due to the crys
field. The low-field absorption component ‘‘a’’ was not ob-
served forHib, which is also in agreement with the abov
formulated selection rules for the transitions between
sublevels of the triplet excitations in the crystal field.

The values of the anisotropy constants can be dedu
from the observed values ofA by means of Eq.~5!. To de-
termine the signs of anisotropy constants, one should c
sider that atgmBH@D,E the absorption due to the trans
tions u2&↔u0& is larger than that due to the transition
u1&↔u0&. The determined values are at

T51.5 K:D/h58.060.7 GHz, E/h55.860.6 GHz,

and at

T54.2 K:D/h54.560.5 GHz, E/h53.660.5 GHz.

The observed change of the anisotropy constantsD andE
with temperature probably indicates the change of the dis
bution of the thermally excited triplet excitations in the pha
space. At low temperatureT51.5 K the triplets are excited
mainly near the bottom of the triplet band, while atT
54.2 K ~this temperature corresponds to one half of t
spin-gap energy! the triplets are excited over the whole ban

The temperature evolution of the thermally activat
lines, shown in Fig. 4, may be analyzed using the appro
of the exchange narrowed spin resonance.17 We neglect here
the intensity of the almost prohibited two-quantum comp
nent ‘‘a, ’’ and the difference between the intensities of com
ponents ‘‘b’’ and ‘‘ c. ’’ The frequency shiftd f from the cen-
ter of gravity of the ESR spectrum is given by the exchan
narrowing theory:17

f e. f 0 :d f 50, ~7!

f e, f 0 :d f 56Af 0
22 f e

2. ~8!

Here6 f 0 are the deviations of the resonance frequenc
from the center of gravity of the ESR spectrum in the a
sence of the exchange narrowing, andf e is the average ex-
change frequency.

For thermally excited magnetic states, the exchange
quency is temperature dependent,18

f e5F expS 2
D

kBTD . ~9!

HereD57.7 K is a zero-field energy gap.
The theoretical curves, calculated using Eqs.~7!–~9!, are

shown in Fig. 4. We have taken the splitting valuef 0 to be
equal to splitting at 4.2 K and used preexponential factoF

in
y.
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as a fitting parameter. The fitting curves presented by s
lines in Fig. 4 correspond to the valueF510 GHz.

The model of the exchange narrowing used here is s
plified. First, it does not include the temperature depende
of the effective anisotropy constantsD andE. Another sim-
plification is ignorance of the field dependence of the ene
gap and of the different population numbers of energy lev
Particularly, this simplified model can not explain the abru
change of the resonance frequency of component ‘‘b’’ be-
tween the temperatures 1.5 and 4 K. Probably, this chang
due to the expanding of the phase space occupied by
excited triplets atT.D/254 K, resulting in change of the
effective constantsD andE.

B. Singlet-triplet transitions

The ESR component ‘‘d’’ corresponds to direct over-ga
transitions between singlet ground state and gapped tr
states. In the isotropic Heisenberg approximation these t
sitions cannot be excited by the microwave field. Nevert
less, the anisotropic interactions resulting in the effect
Hamiltonian~2! will allow these transitions. The same typ
of ESR absorption was reported earlier for high
frequencies.13,14 The ESR spectrum of this component m
be described by the linear equation

f 5
1

h
~D̃2g̃mBH !. ~10!

HereD̃ is expected to be close to the spin gapD andg̃ is
the effectiveg factor.

The straight lines on Figs. 8, 9, and 13 present result
the linear fitting according to the relation~10! with the pa-
rameters given in Table I.

The value D̃ obtained from linear extrapolation corre
sponds well to the value of 156 GHz observed in other E
~Refs. 13,14! and neutron studies.15 The effect of the crysta
field discussed in the preceding section should result in
splitting of the zero-field energy levelD into three sublevels
D, D1D02E0, andD1D01E0 ~see Fig. 12, an analogou
energy-level diagram is given in Ref. 21!. The f (H) curves

FIG. 13. The frequency-field dependence for for the sing
triplet transition. Open symbols,T51.5 K; closed,T54.2 K. Hib.
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of the singlet-triplet transitions, taken at different orient
tions, should origin from one of these three values.
gmBH@D,E the asymptotic field dependence of the low
frequency singlet-triplet transition may be derived from E
~3!:

\v5D2gamBH1
D

2
@~z•n!211#1

E

2
@~x•n!22~y•n!2#.

~11!

Thus, the measured values ofD̃ for different orientations
should differ for about65 GHz. This shift is within the
experimental resolution for the value ofD̃ obtained from the
frequency of line ‘‘d. ’’

From the frequency-field dependences for the sing
triplet absorption we determine the critical fieldHc as a field,
at which the singlet-triplet transition frequency turn
to zero. These values measured atT51.5 K are:Hc(Hib)
558.361.0 kOe, Hc@H'(102̄)#547.561.5 kOe, and
Hc(Hi@201#)55862 kOe. These values are in agreeme
with magnetization and specific-heat data.6,11

The value ofg̃ measured atT51.5 K coincides well with
theg-factor values determined from the ESR of the therma
activated triplets. However, atT54.2 K the slope off (H)
dependence becomes smaller for the factor of 0.75, while
value of D̃ obtained from the extrapolation to zero field r
mains constant within the experimental error of 10%. Th
the increase of the critical-field value at the increase of te
perature should be ascribed to a change of the field influe
on the singlet-triplet gap and not to the change of the ze
field gapD. It is important to note here that the value ofg̃ is
temperature dependent, but theg factor describing the field
dependence of the sublevels of the excited triplets does
depend on the temperature. The change of the effectivg

factor g̃ may be presumably attributed to the effect of t
thermal renormalization of magnon frequency observed
the related compound KCuCl3.23

C. Magnetic resonance in the field-induced magnetically
ordered phase

The component ‘‘e’’ of the ESR line observed atH
.Hc , shown in Fig. 3, demonstrates nonlinear and ani
tropic spectrum presented on Figs. 8–10 and constitute
antiferromagnetic resonance mode. The relative differenc
resonance fields measured for different orientation of

-

TABLE I. Effective g factors and spin gaps.

g̃ D̃/h, GHz

T51.5 K Hib 1.9660.15 160610

H'(102̄) 2.3660.15 157610

Hi@201# 1.9660.15 159610
T54.2 K Hib 1.560.1 15466

H'(102̄) 1.660.3 140620

Hi@201# 1.460.1 14868
0-7
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sample in this field range is much larger than the relat
change ing factors in the paramagnetic phase. This essen
anisotropy marks the spontaneous symmetry breaking du
the magnetic ordering aboveHc .

No theory of the antiferromagnetic resonance in the fie
induced antiferromagnetic phase is developed yet.
theory should consider the unsaturated order param
which is induced by the magnetic field. Possible longitudi
oscillations of the order parameter should be taken into
count.

We propose here a simplified treatment of the obser
mode based on a molecular-field model, see, e.g., Ref.
This model appeared to be adequate for the descriptio
spin-resonance modes in most conventional antiferrom
nets, as well as in impurity-induced ordered phases of s
gap magnets.25,26According to this model, antiferromagnet
resonance modes correspond to oscillations of the order
rameter and magnetization, which are affected by the crys
field anisotropy and external field. The antiferromagne
resonance frequencies are determined by the exchange
ergy and by the anisotropy terms of the second order in
series expansion of the energy. For a monoclinic crystal
second-order terms have orthorhombic~two-axes!
symmetry.27 One of the symmetry axes of the second ord
anisotropy terms should be aligned along the twofold axisb.
As at the above analysis of triplet ESR, we chose ano
axis along the easy-spin direction caused by the magn
field in b direction—at an angle of 39° froma axis in thea-c
plane.

Thus, for Hib magnetic field lies along an anisotrop
axis. ForH'(102̄) magnetic field is oriented at an angle
77.6° with respect to the second anisotropy axis, and
Hi@201#—at an angle of 12.4°. These angles are close
90° and 0°, respectively, allowing an approximate desc
tion of the resonance spectra by the relations derived
exact orientations. There are two branches of the antife
magnetic resonance absorption.24 In the high-field range
above the spin-flop transition, the first branch has the
quency, approaching to the paramagnetic resonance
quency, and the frequency of the second branch does
depend on the field~under the assumption of constant su
lattice magnetization!:

For H parallel to the hard axis of anisotropy,

f 15A~gH !21C2
2, ~12!

f 25C1 . ~13!

For H parallel to the second-easy axis of anisotropy,

f 15A~gH !21C1
2, ~14!

f 25C2 . ~15!

For H parallel to the easy axis and above the spin-fl
field,

f 15A~gH !22C1
2, ~16!
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22C1

2. ~17!

Here C2.C1 , Ci5A2HAiHE/g, g is magnetomechani
cal ratio,HAi andHE are two effective anisotropy fields an
exchange field, respectively. Each of the valuesHAi andHE
is proportional to sublattice magnetization, hence to the or
parameter.

The branchf 1 has the frequency beyond our range
GHz in fields above 50 kOe. Thus we conclude that
resonance frequency in the high-field phase of TlCuCl3 cor-
responds to the branchf 2 of a two-axes antiferromagnet. Th
observed field dependence of resonance frequencies sh
be ascribed to the specific nature of the field-induced ord
ing, when the order parameter is induced by the magn
field and rises from zero atH5Hc . Hence we suppose th
resonance frequency observed atH.Hc is a measure of the
field-induced order parameter.

This treatment suggests a universal dependence of
malized resonance frequency on the normalized field. T
universality takes place indeed: as shown on the Fig.
three normalized frequency-field dependences taken for
ferent field orientations coincide well. The normalization fa
tors for resonance frequency are: 1.0 forHib, 1.25 for the
Hi@201#, and 2.6 for theH'(102̄). The normalized mag-
netic field was calculated using the values ofHc for different
field orientations obtained from the analysis of the singl
triplet transitions in the preceding section.

The measured antiferromagnetic resonance frequen
and hence the order parameterm, follow a square-root de-
pendence on the magnetic field~solid line on the Fig. 14!:

f 5CAH

Hc
21 ~18!

The above consideration of the field-induced order param
is consistent with the results of the neutron-scatter

FIG. 14. Normalized frequency-field dependences of the anti
romagnetic resonance for three directions of the magnetic fi
Solid curve is the fitting result~see text!.
0-8
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experiments8 performed forHib, where the square root fiel
dependence of the order parameter was also confirmed
Hc .

V. CONCLUSIONS

The detailed ESR study of the spin-gap compou
TlCuCl3 revealed three kinds of magnetic-resonance sign

Different kind of magnetic excitations not reported befo
is the antiferromagnetic resonance mode in the field-indu
ordered phase. This branch of spin excitations demonstr
nonlinear and strongly anisotropic spectrum. From the sp
trum of this branch, in the molecular-field approximation, w
deduce that the field-induced order parameter has a univ
dependence for all directions of the magnetic field:m
}AH2Hc. This spin-resonance mode indicates an import
role of the crystal anisotropy in the formation of the ord
parameter in the high-field phase. The anisotropy fixes
direction of the transverse order parameter, breaking the
tational symmetry around the direction of the magnetic fie
Hence, the BEC model, implying the rotational symmet
has a limited applicability to TlCuCl3, giving the description
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of the exchange effects, but neglecting the influence of
crystal field.

Second, we have observed direct ESR transitions betw
the singlet ground state and excited triplet states. The ne
tive field-dependent contribution to the singlet-triplet tran
tion frequency is temperature dependent. The nature of
temperature dependence is probably due to the ther
renormalization of the magnon frequencies. The quantita
theory of this renormalization is to be constructed.

Third, we found magnetic-resonance signals of therma
activated triplet excitations, and measured the crystal-fi
splitting of their spin sublevels. The effective energy of t
interaction between the triplet excitations and the crys
field is obtained. The formation of the exchange narrow
collective resonance mode of the interacting triplet exc
tions was observed.

ACKNOWLEDGMENTS

Authors acknowledge to A. N. Vasil’ev, A. K. Kolezhuk
M. E. Zhitomirsky, V. I. Marchenko, S. S. Sosin for discu
sions. The work was supported by the Russian Founda
for Basic Research Grant No. 03-02-16579.

v.

,

hi,

-

.

14K. Takatsu, W. Shiramura, H. Tanaka, T. Kambe, H. Nojiri, a
M. Motokawa, J. Magn. Magn. Mater.177-181, 697 ~1998!.
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K. Krämer, and H. Mutka, Eur. Phys. J. B18, 565 ~2000!.
24T. Nagamiya, K. Yosida, and R. Kubo, Adv. Phys.4, 1 ~1955!.
25V.N. Glazkov, A.I. Smirnov, K. Uchinokura, and T. Masud

Phys. Rev. B65, 144427~2002!.
26A.I. Smirnov, V.N. Glazkov, H.-A. Krug von Nidda, A. Loidl,

L.N. Demianets, and A.Ya. Shapiro, Phys. Rev. B65, 174422
~2002!.

27A.N. Vasil’ev, V.I. Marchenko, A.I. Smirnov, S.S. Sosin, H. Ya
mada, and Y. Ueda, Phys. Rev. B64, 174403~2001!.
0-9


