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with terahertz transient spectroscopy

LI Gao-Fang1，3， XU Yan-Xia1， LIU Xian-Kuan2， MA Guo-Hong2*， GAO Yan-Qing3， CUI Hao-Yang1，
HUANG Zhi-Ming3*， CHU Jun-Hao3

（1. School of Electronic & Information Engineering，Shanghai University of Electric Power，Shanghai 200082，China；
2. Department of Physics，Shanghai University，Shanghai 200444，China；

3. State Key Laboratory of Infrared Physics，Shanghai Institute of Technical Physics，Chinese Academy of Sciences，
Shanghai 200083，China）

Abstract：The thermodynamics of La0. 7Ca0. 3MnO3 film by terahertz transient spectroscopy were presented. The
temperature of metal-insulator phase transition of La0. 7Ca0. 3MnO3 film is observed to occur around 260 K，which is
almost the same as that of the ferromagnetic-paramagnetic phase transition. It indicates that the conductivity of the
La0. 7Ca0. 3MnO3 film is closely related to the order of magnetic moments in the film. We find the conductivity of
the La0. 7Ca0. 3MnO3 film can be reproduced with Drude model at low temperature range from 40 K to 200 K，and
Drude-Lorentz model at high temperature region from 210 K to 290 K.
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太赫兹瞬态光谱研究La0.7Ca0.3MnO3薄膜的温度相关相变
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摘要：利用太赫兹瞬态光谱研究了La0.7Ca0.3MnO3薄膜的热力学性质。La0.7Ca0.3MnO3薄膜的金属-绝缘体相变温

度在 260 K左右，与铁磁-顺磁相变温度几乎相同。结果表明，La0.7Ca0.3MnO3薄膜的电导率与薄膜中磁矩取向

密切相关。研究发现在 40∼200 K的低温范围内，La0.7Ca0.3MnO3薄膜的电导率可以用Drude模型拟合，在 210∼
290 K的高温范围内可以用Drude-Lorentz模型拟合。
关 键 词：金属-绝缘体相变；铁磁-顺磁相变；太赫兹电导率；La0.7Ca0.3MnO3薄膜
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Introduction
The trivalent rare earth element doped perovskite ox⁃

ides La1-xCaxMnO3 film exhibits rich electrical and mag⁃netic properties. For example，in La0. 7Ca0. 3MnO3 mem⁃branes， the balance between metallic and insulating
phases can be tuned by the lattice，and extending the
range of lattice control would enhance the ability to ac⁃

cess other phases［1-2］. A colossal magnetoresistance
（CMR） phenomenon was reported in a perovskite-likeLa0. 67Ca0. 33MnO3 thin oxide films on LaAlO3（LAO）sub⁃strates［3-6］. It is well-known that the CMR effect appearsaround the metal-insulator transition temperature（TMI），and lots of works were done on the metal-insulator（MI）phase transition based on La1-xCaxMnO3 film［7-10］. Belowthe Curie temperature（TC），the thin film is ferromagnet⁃
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ic（FM）phase，and shows a higher conductivity. Thefilm is transformed into paramagnetic（PM）phase with agood insulator above TC［11-12］. The FM to PM phase transi⁃tion was attributed to the spin order change in 3d orbitelectrons of Mn ions［13］. In La1-xCaxMnO3 film，the doubleexchange interaction between Mn3+-O-Mn+4 predicts thatferromagnetic corresponds to metal phase，and paramag⁃netic corresponds to insulator phase［14-16］. By monitoringthe doping proportion of rare element，both TC and TMI ofLa1-xCaxMnO3 film can be tuned accordingly［17-22］. In addi⁃tion，the substrate strain also has strong influence on themagnetic transport and the metal-insulator phase transi⁃tion temperature of the film［23-30］.It was reported that the La0. 7Ca0. 3MnO3 （LCMO）film showed Drude conductivity when the temperaturewas below around 0. 7 TC，and the film conductivity wasfar deviated from the Drude model during the tempera⁃ture range from 0. 7 TC to TC［31］. Some literatures reportedthat the TMI temperature of LCMO epitaxial films was dif⁃ferent from the TC［25］. But TMI was usually measured bycontacted electrical measurement，and the contact resis⁃tance between electrodes and film had significant influ⁃ence on the measured value of TMI. It is still controversialwhether the TMI and TC temperature falls the same temper⁃ature point or not. Terahertz spectroscopy is contact-free，invasive，and extremely sensitive method to studythe metal to insulator phase transition compared to thetraditional method. With the advanced THz spectrosco⁃py，the dynamical phase transition from ferromagneticmetal phase to paramagnetic insulator phase can be clari⁃fied［31-32］，specifically，near the TC and TMI temperatures，the competitive and coexistence mechanism behind thephase transition can be clarified.In this paper，the thermodynamics in LCMO film be⁃tween ferromagnetic metal phase and paramagnetic insu⁃lator phase are investigated by the low temperature THztime-domain spectroscopy. The Curie temperature TC ismeasured to be the same as the metal-insulator transitiontemperature TMI. The conductivity of the film can be wellreproduced with Drude model from 40 K to 200 K，whileits conductivity follows the Drude-Lorentz model in hightemperature range from 210 K to 290 K. The experimen⁃tal results are instrumental to comprehend the electro⁃magnetic and photoelectric properties related to phasetransition，and have important application in thermoelec⁃tric device，contactless reluctance switch and so on.
1 Samples preparation and experimen⁃
tal results

The LCMO film with thickness of 200 nm（mea⁃sured with a step profiler）was fabricated on a 0. 5-mm，
（100）-oriented LaAlO3 single crystal substrate by pulselaser deposition method. The detail process of the filmfabrication has been described elsewhere［24］. The temper⁃ature dependent conductivity of the LCMO film in THzfrequency was characterized with a THz time domainspectroscopy in transmission configuration. The output ofa mode-locked Ti：sapphire laser，with pulse duration of100 fs，centered wavelength of 800 nm，and repetition

rate of 80 MHz（Mai Tai HP-1020，Spectra-Physics），was used to generate and detect the THz transient. TheTHz emitter and detector are a pair of low-temperature-grown GaAs photoconductive antennas. The polarizationof the THz radiation is vertical，which is perpendicular tothe photoconductive antennas. The effective bandwidthof the THz spectrum is from 0. 2 to 2. 5 THz. The diame⁃ter of THz beam is around 3 mm at the sample position.The sample was placed in a cold finger cryostat with twoTHz-transparent windows，for which the temperature wastunable in the range of 40 to 300 K with best resolution of1 K. The characterization of the LCMO film magnetiza⁃tion as a function of temperature was performed on aphysical property measurement system（Quantum De⁃sign，PPMS-9）under vacuum condition in the tempera⁃ture range from 10 K to 300 K with temperature stabilitybetter than ±0. 02%. The temperature dependent magne⁃tization measurement（M-T curve）was carried out sepa⁃rately from THz transmission measurement.Figure 1（a）shows the transmitted THz electric fieldthrough the LCMO film on a 0. 5 mm-LAO substrate withthree selected temperatures of 100 K，200 K，and 300K. Apart from the main pulses localized around~19 ps，it is seen that week signals appear around 36 ps，whichcorrespond to the second-order reflection（or say，echopulse）of the main pulse at each temperature. With de⁃creasing temperature from 300 K to 40 K，the amplitudeof main pulse is seen to decrease，which suggests the in⁃crease of the sample conductivity. Moreover，the echopulse of THz electric field shows in-phase with the mainpulse at high temperature（for instance，300 K），andshows a π -phase shift at low temperature（100 K）. Theecho pulse disappears completely around ~200 K. In or⁃der to exclude the contribution from LAO substrate，Fig.1（b） shows the transmitted time-domain THz electricfield of a 0. 5-mm LAO single crystal，it is seen that bothmain pulse and echo pulse show almost no observablechange with temperature. Thus the temperature depen⁃dent THz echo pulse signals come from the temperaturedependent conductivity of the LCMO thin film［33］.Firstly，we focus on the LCMO film conductivitychange with temperature. Figure 2（a）presents the trans⁃mitted THz amplitude of the sample as a function of tem⁃perature at several frequencies；an obvious turning pointoccurring at 260 K is seen for all selected frequencies：the transmitted THz amplitude increases near linearlywith temperature in the temperature range from 40 K to260 K，reaches a maximum value at about 260 K，and itis almost unchanged in the temperature range from 260 Kto 280 K. Figure 2（b）shows magnetization of the LCMOthin film as a function of temperature for comparison.The magnetization of the film is seen to decrease rapidlywith temperature in the temperature range from 260 K to280 K. Figure 2（d）shows the dM/dT（derivation of mag⁃netization with temperature） as a function of tempera⁃ture. The minimum value of dM/dT is found to be thesame with the turning point（~260 K）in the temperaturedependent THz transmission. The real part of complexfilm conductivity in Fig. 2（c）is obtained from the THz
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amplitude transmission shown in Fig. 2（a）with Eq. 1［34］，
σr = ( cosφA - 1) 1 + nsub

Z0d
, （1）

here，φ and A represent the THz phase and amplitudedifference between LCMO/LAO and LAO substrate，re⁃spectively. nsub，d，and Z0 are the refractive index of theLAO substrate，the thickness of the LCMO film，and thefree space impedance（with Z0=377 Ω）. With the thick⁃ness of the LCMO film d=200 nm，we give the real partof complex conductivity of the LCMO film，σr. It is alsonoted that the real part of complex conductivity changesas a function of temperature shows a turning point around260 K in Fig. 2（c）. The real part of film conductivity de⁃creases near linearly with temperature in the temperaturerange from 40 K to 260 K，and reaches a minimum valueat 260 K. By increasing temperature further，the THzconductivity remains a constant in the temperature rangefrom 260 K to 280 K. The turning temperature of THzconductivity occurring at about 260 K represents themetal-insulator phase transition temperature. In con⁃trast，by looking at the temperature dependent magneti⁃zation shown in Figs. 2（b）and 2（d），the magneticphase transition temperature is also around 260 K.Based on Fig. 2，we can conclude that the LCMO ismagnetically ordered metallic phase when temperature islower than 260 K. When the temperature is higher than260 K，the LCMO film lies at paramagnetic insulating

phase. The metal to insulator phase transition occurs atthe same temperature for the FM to PM phase transition.Then，let’s focus on the THz pulse second order re⁃flection occurring at the LCMO/LAO film interface. Fig⁃ure 3（a）shows the THz echo pulse occurring at the inter⁃face of LCMO thin film at three selected temperatures of198 K，204 K，and 210 K，respectively. The echo pulsedisappears completely at ~204 K，when temperature ishigher than 204 K，the echo pulse show in-phase withthe input main THz pulse，and when temperature is low⁃er than 204 K，the echo pulse shows a π-phase shift withrespect to the main pulse. Figure 3（b） schematicallyshows the THz pulse reflection occurring at the interfacesof the substrate LAO with different temperature. Whentemperature is below 200 K，LCMO shows a higher con⁃ductivity，and the refractive index difference betweensubstrate and vacuum is smaller than Z0σr，i. e.，nsub-1<
Z0σr，THz pulse experiences reflection at the LCMO/LAO interface and reflected THz pulse has a π -phaseshift with the incident pulse. As the temperature is above210 K，we have nsub-1>Z0σr，THz pulse reflection occursat the interface between LCMO film and vacuum，there⁃fore the reflected THz pulse is in-phase with the incidentpulse. Among 200 K and 210 K，nsub-1≈Z0σr，in whichcase impedance matching condition between vacuum andLAO substrate is met，thus the incident THz pulse doesnot experience reflection at the interface，as a result，theTHz echo pulse disappears in this temperature.
2 Results and discussions

To understand the carriers’thermodynamics of theLCMO film in THz region，we employ Drude-Lorentzmodel as shown in Eq. 2［35］ to reproduce the conductivityat all investigated temperatures.
σ (ω ) = Ne2

m*
τ

(1 - ( iτ (ω - ω20 /ω ) ) ) , （2）
here N，e，m* and τ are the carrier density，carriercharge，effective mass of carrier and scattering time，re⁃spectively. ω0 denotes the resonant frequency of the sys⁃tem. When ω0=0，the Drude-Lorentz model is reduced toDrude model that is usually used to describe the free elec⁃tron response，such as metal-like materials. Below theCurie temperature，TC，LCMO film behaves a metal⁃lic phase and the Drude model is expected to fit the filmconductivity. However，it is found that Drude model canonly reproduce the film conductivity at low temperaturebelow 200 K（~0. 77 TC）. The solid lines in Figs. 4（a）and（b）show the fitted curves at 40 K and 200 K，re⁃spectively. Both real and imaginary parts can be repro⁃duced with Drude model when temperature is lower than200 K. As temperature is above 200 K and below 260 K
（TC），although the film is still in metallic magneticphase，it is seen that the imaginary part of the conductivi⁃ty exhibits negative value as given in Fig. 4（c），whichindicates that the Lorentz parameter is not equal to zero
（i. e.，ω0≠0）at this temperature region. The solid linesin Fig. 4（c-d）are fitting lines with Drude-Lorentz mod⁃el，and the fitting parameter，ω0，as a function of temper⁃ature is given in Fig. 5（c）. Thus，among the tempera⁃

Fig. 1 (a) THz time domain transmission signals of LCMO film
on a 0.5-mm LAO substrate at 100 K, 200 K, and 300 K, respec‐
tively, (b) THz transmission signals of 0.5-mm LAO substrate at
100 K, 200 K, and 300K, respectively. The green rectangles high‐
light the echo pulse occurring at the interface of LCMO/LAO (a)
and vacuum/LAO (b)
图 1 (a) 温度分别为 100 K、200 K和 300 K时, 0.5-mm LAO衬
底上长有 LCMO 薄膜的 THz 时域透射信号，(b) 温度分别为
100 K、200 K 和 300 K 时, 0.5-mm LAO 衬底的 THz 透射信号。
绿色矩形突出显示了 LCMO/LAO (a) 和 vacuum/LAO (b) 界面
处的回波脉冲
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Fig. 2 (a) THz electric field amplitude transmission of LCMO film as a function of temperature at several frequencies, (b) Temperature
dependent magnetization of LCMO film, as measured in field cooling condition with the applied magnetic field of 500 Oe, (c) Conductivi‐
ty (real part) of LCMO film with temperature at several frequencies, (d) dM/dT as a function of temperature for the LCMO film
图 2 (a) LCMO薄膜在不同频率下THz电场振幅随温度的变化，(b) 在外加磁场为 500 Oe时, LCMO薄膜磁化强度随温度的变化，
(c) 不同频率下LCMO薄膜的电导率(实部)随温度的变化，(d) LCMO薄膜dM/dT随温度的变化

Fig. 4 The complex conductivity of LCMO film at four select‐
ed temperatures（a）40 K，（b）200 K，（c）220 K，and（d）290 K
Note：The black and red dots are denoted for real and imaginary
part of conductivity，respectively. In（a）and（b），the solid lines
are fitting curves with Drude model. In（c）and（d），the solid
lines are fitting curves with Drude-Lorentz model. The fitting pa‐
rameters are presented in Fig. 5
图4 （a）40 K、（b）200 K、（c）220 K，（d）290 K
注：黑点和红点分别表示复电导率的实部和虚部；在（a）和（b）
中，实线是 Drude 模型的拟合曲线；（c）和（d）中，实线是
Drude-Lorentz模型的拟合曲线。拟合参数如图5所示

Fig. 3 (a) The THz echo pulses in time domain at 198 K, 204 K,
210 K, (b) The diagram of terahertz pulses come across sample
(La0.7Ca0.3MnO3 /LaAlO3) at different temperature
图 3 (a) 温度为 198 K、204 K、210 K时La0.7Ca0.3MnO3/LaA‐
lO3的时域THz回波脉冲，(b) 不同温度下太赫兹脉冲通过样品
(La0.7Ca0.3MnO3 /LaAlO3)的示意图
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ture interval between 0. 77 TC（200 K）and TC（260 K），the competition between ferromagnetic metal and para⁃magnetic insulator dominates the terahertz conductivity.According to Drude-Lorentz model in Eq. 2，sometemperature dependent fitting parameters are plotted inFig. 5. Figure 5（a）shows the temperature dependent
plasma frequency（ωp，ωP = (Ne2 /m*ε∞ε0)

1/2
）of LCMO

film between 40 K and 290 K. As the plasma frequencyis proportional to the square root of carrier density，it isseen from Fig. 5（a） that the carrier density in LCMOfilm decreases with temperature from 40 K to 180 K. Byfurther increasing the temperature，the carrier density isseen to increase rapidly from 180 K to 200 K，and reacha maximum at 200 K. As the temperature is higher than200 K，the carrier density of the film decreases graduallywith increasing temperature to 290 K. The fitting scatter⁃ing time（τ）presented in Fig. 5（b）demonstrates a non-monotonous change with temperature in the temperaturerange from 40 K to 200 K：the magnitude of τ is seen toincrease from 40 K to 90 K，then decrease from 90 K to200 K. It is noted from Fig. 2（b）that the magnetizationof LCMO film remains almost a constant from 40 K to 90K，but decreases slowly from 90 K to 200 K，and de⁃creases sharply in the temperature range from 200 K to260 K. Because the magnetization is strongly correlatedwith spin order of Mn3+ and Mn4+ ions，non-temperaturedependence of magnetization in the temperature intervalbetween 40 K and 90 K suggests that electron spin orderdoes not exhibit obvious change in this temperature re⁃gion. On the other hand，the plasma frequency（or saycarrier density）is seen to decrease，but the carrier scat⁃tering time is seen to increase from 40 K to 90 K. There⁃fore，the decrease in conductivity from 40 K to 90 K isnot derived from spin disorder，but due to the decrease ofthe electron's density with temperature in the film. In ad⁃dition，the film magnetization decreases slowly with tem⁃perature from 90 K to 200 K as shown in Fig. 2（b），which indicates the electrons spin tending to lose orderslowly. The carrier density as a function of temperatureshows a non-monotonous change（Fig. 5（a）），and thecarrier scattering time shows a monotonous change（de⁃crease）with temperature（Fig. 5（b））. The decrease inscattering time with temperature is mainly due to the tem⁃perature induced electrons spin disorder from 90 K to200 K. Above 200 K，the LCMO film magnetization de⁃creases rapidly with temperature，which is indicative ofthe phase transition occurring from FM to PM.While the carrier scattering time remains at verysmall value at this high temperature region. Finally，asshown in Fig. 5（c），the fitting Lorentz resonant frequencyis seen to increase with temperature from 210 K to 270 K，and the decrease with temperature from 270 K to 290 K.In the temperature range from 210 K to 270 K，the mag⁃netic phase transition occurs as shown in Fig. 2（b）and
（d），it is noted that the magnetic phase transition is ac⁃companied with the metal-insulator phase transition，andboth kinds of phase transitions take place in the sametemperature range from 210 K to 270 K. On the otherhand，metal-to-insulator phase transition means Drude-

like carriers in metallic phase could be trapped by latticeto form polarons with Lorentz-like conductivity. Thestrong coupling between spin and polaron leads to themagnetic phase transition taking place at the same tem⁃perature as that of metal-to-insulator phase transition［36］.

3 Conclusions
In summary，we have investigated the temperature-dependent carrier dynamic of a colossal magnetoresis⁃tance LCMO film by terahertz transient spectroscopy.The FM-to-PM phase transition temperature TC is almostsame with the metal-to-insulator phase transition tem⁃perature，i. e.，TMI=TC≈260 K. Thus，the FM and PMstates are closely related with the metallic and insulat⁃ing states around TC≈260 K. At FM phase，the elec⁃tron spin disorder induces the decrease of the carrierscattering time via weakening the double change ener⁃gy of the film（90 ∼ 200 K）. Near the phase transitiontemperature between FM and PM，the rapid decrease ofspin order could lead to the decrease in the double ex⁃change energy and density of free carriers in the film.The rapid decrease in double exchange energy leads tothe coupling between spin and polaron in the temperatureregion from 210 K to 270 K. Our work could pave theway to clarify the thermal dynamics of double exchangeelectrons in La0. 7Ca0. 3MnO3 film around the Curie temper⁃ature TC. It also improves the analysis of the microscopicmechanism and theory of the film and affords a crucialreference for manganese oxide to be more widely utilizedin thermoelectric device，contactless reluctance switchand other devices.
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Fig. 5 The temperature dependence of plasma frequency（ωp）
（a），electrons scattering time（τ）（b），and Lorentz resonance
frequency（ω0）（c）of the La0. 7Ca0. 3MnO3 film in the temperature
range from 40 K to 290 K
图 5 La0. 7Ca0. 3MnO3 薄膜在 40∼290 K 温度范围内等离子
体频率（ωp）（a）、电子散射时间（τ）（b）和洛伦兹共振频率（ω
0）（c）与温度的关系
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